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1 INTRODUCTION
Mitochondria play a multifaceted role in cellular physiology extending from the regulation of energy production and cell metabolism to calcium buffering and the modulation of intracellular signaling. Given that mitochondrial dysfunctions are involved in a spectrum of complex human pathologies and inheritable disorders, preserving a functional mitochondrial network is crucial for health and disease status and it has become a focal point of innovative therapeutic strategies.
This Research Topic compiles articles focused on two primary areas of mitochondrial research: i) the investigation of mitochondrial dysfunction in various pathological conditions (including mitochondrial diseases) and the exploration of therapeutic interventions that target and/or exploit mitochondria; and ii) the elucidation of the crucial role of mitochondria in development and differentiation. Finally, this issue introduces a novel methodology that employs commercially available tools for the quantification of mitochondrial DNA and RNA within intact and complex tissues.
2 MITOCHONDRIAL DISFUNCTION IN PATHOLOGICAL CONDITIONS
2.1 Cardiovascular diseases
Preservation of mitochondrial homeostasis through mitochondrial quality control (MQC) is fundamental for organs with high energy demands, such as the heart. The comprehensive review by Atici et al. underscores the significance of MQC in the context of cardiovascular physiology and various disease states, including myocardial ischemia-reperfusion injury, atherosclerosis, heart failure (HF), cardiac hypertrophy (CH), hypertension, and both diabetic and genetic cardiomyopathies, as well as Kawasaki Disease. Enhancing mitochondrial function holds promise for mitigating tissue remodeling, preventing the onset of cardiovascular disease, regenerating the myocardium and potentially extending lifespan. Cardioprotection might be achieved through the application of either synthetic or natural mitochondria-targeted compounds that promote balanced mitochondrial fusion and fission, mitophagy, bioenergetics, ROS detoxification, replenishment of the mitochondria pool, and enhancement of inter-organelle communication.
Among the natural compounds, Moku-boi-to (MBT), a Japanese medical herbal concoction, has demonstrated promising protective effects in both in vivo and in vitro models of CH by restoring mitochondrial dynamics (Tagashira et al.). Altered mitochondrial fragmentation, which leads to excessive mitophagy and decreased ATP production, thus favoring ROS generation, can be addressed by MBT treatment (Quiles and Gustafsson, 2022; Yang et al., 2022). The authors demonstrated that in a mouse model of HF, MBT treatment improved heart contractility and mitigated CH (Tagashira et al.). Mechanistically, MBT prevents the accumulation of the mitochondrial pro-fission protein Dynamin 1 Like (DRP1) and the resultant mitochondrial fragmentation induced by hypertrophic stimuli, while concurrently reducing mitochondrial dysfunction, ROS production, intracellular Ca2+ dysregulation, and cell death.
The dynamic balance of mitochondrial fission and fusion ensures a prompt adaptation to the cell’s rapidly changing metabolic demands (Tilokani et al., 2018). Metabolic reprogramming, favoring glucose utilization over fatty acid oxidation, is a hallmark of both heart disease and malignant cell growth, shapes the epigenetic landscape of cardiomyocytes enabling heart regeneration (Li et al., 2023) and making mitochondria strategic targets in the cardio-oncology field (Karlstaedt et al., 2022). In a comprehensive review, Chen et al. provide insights into the complex processes that involve mitochondrial impairments in doxorubicin (DOX)-induced cardiotoxicity, with an emphasis on the metabolic consequences. Rebalancing mitochondrial dynamics by inhibiting DRP1-mediated mitochondrial fission and enhancing Mitofusin 2 (MFN2)-mediated mitochondrial fusion, could promote chromatin reconfiguration that is correlated to the shift in cellular energy metabolism from glycolysis to fatty acid oxidation with maintenance of oxidative phosphorylation. This dual-action has the potential to decrease the cardiac adverse effects of DOX, while enhancing its anti-cancer efficacy.
2.2 Metabolic diseases
In the skeletal muscle (SkM), a reduction in the elongated mitochondrial phenotype, indicative of dysregulated mitochondrial dynamics, is a feature of metabolic disorders such as type 2 diabetes mellitus (T2DM). Using SkM biopsies from T2DM patients, Castro-Sepulveda et al. showed that the activation of toll-like receptor 4 (TLR4), a mediator of both infectious and non-infectious inflammatory diseases (Wei et al., 2023), contributes to significant changes in mitochondrial morphology and cristae density. This effect is mediated by a reduction in the levels of the pro-fusion protein Mitochondrial Dynamin like GTPase (Opa1). Given the critical role of SkM in the pathophysiology of T2DM (DeFronzo, 2009), this mitochondrial-related signaling cascade may contribute to insulin resistance in T2DM thus exacerbating hyperglycemia-induced multiple organ failure.
Non-alcoholic fatty liver disease (NAFLD) represents another metabolic condition where mitochondrial remodeling plays a key role (Zheng et al., 2023). A recent observational case-control study highlighted that NAFLD patients (Houshmand et al.) present with an increased hepatic mitochondrial DNA copy number, a surrogate marker of mitochondrial functionality (Castellani et al., 2020). This finding correlated with increased expression of Fibroblast Growth Factor 21 (FGF21), a regulator of glucose and lipid metabolism, energy homeostasis, and insulin sensitivity (Cuevas-Ramos et al., 2009). These findings suggest an adaptive response aimed at increasing the liver’s capacity to metabolize fat. However, this compensatory response may ultimately turn detrimental by causing uncontrolled oxidative stress and progressive mitochondrial dysfunction.
2.3 Mitochondrial diseases
Mitochondrial dysfunctions are not only confined to complex-diseases; they can also arise from pathological variants in genes crucial for mitochondrial function and MQC. Given the genetic heterogeneity of mitochondrial disorders (MDs) and the current lack of effective therapeutic options, establishing a precise genetic diagnosis can significantly enhance our understanding of the disease. This, in turn, may lead to an improved ability to manage it.
The innovative use of next-generation sequencing (NGS) approaches, coupled with comprehensive analysis of the entire mitochondrial genome, as demonstrated by Nogueira et al., 2024 helped achieve genetic diagnoses across a wide demographic, encompassing both pediatric and adult cases. Notably, variants in mtDNA are predominantly associated with adult-onset MDs, while nuclear DNA variants are more frequently linked to early-onset forms of MDs.
2.4 Intercellular mitochondrial transfer in pathology and therapy
Mitochondrial transfer has been recently recognized as a crucial process for MCQ (Liu et al., 2023) and has emerged as a novel therapeutic approach in disease treatment (Clemente-Suárez et al., 2023). In their seminal review, Zhang et al., explored the role of mesenchymal stromal/stem cells (MSCs) in pulmonary development and their dysfunction’s contribution to bronchopulmonary dysplasia (BPD). The review focuses on the efficacy of MSC therapy in treating BPD, a condition linked to defects in mitochondrial structure, dynamics, and oxidative metabolism. MSC treatment has been shown to decrease mitochondrial dysfunction by i) stimulating mitochondrial replication in injured lung cells and by ii) restoring mitochondrial function through the direct transfer of healthy mitochondria from MSCs to the damaged primary cells of the lung. It is conceivable that tissue repair is mediated by mitochondria transferred from MSC-derived cells, similar to the observations obtained following transplantation of mitochondria-rich extracellular vesicles in the heart (Ikeda et al., 2021).
However, mitochondrial transfer can promote adverse effects favoring pathological conditions. For instance, Cereceda et al. suggested that the uptake of platelet-derived mitochondria by triple-negative breast cancer cell lines increases mitochondrial respiration, ATP production, cell proliferation, and metabolic adaptability. This enhancement in cellular functions may contribute to tumor progression, underscoring the multifaceted nature of mitochondrial transfer in the context of diseases.
3 MITOCHONDRIAL FUNCTION IN DIFFERENTIATION AND DEVELOPMENT
Myogenic differentiation, a key step in skeletal muscle regeneration, is characterized by significant changes in both the quantity and functionality of mitochondria to meet the increased energy demand. Throughout this process, transient and mild cellular stress triggers a variety of mitochondrial response pathways, collectively termed mitochondrial stress responses (MSRs), which favor cellular homeostasis. The review by Lin et al., described MSRs and their involvement in the regulation of physiological myogenic differentiation, providing new perspectives into potential treatments for muscle diseases associated to impaired myogenic differentiation.
Superoxide dismutase 2 (Sod2) is a key mitochondrial enzyme involved in MSR, which plays a primary role in ROS detoxification. Tarbashevich et al., using zebrafish models, demonstrated that Sod2 is also involved in the “purifying selection” of primordial germ cells (PGMs). Such process safeguards mitochondrial integrity across generations, ensuring the propagation of mtDNA devoid of deleterious mutations (Schwartz et al., 2022). Results by Tarbashevich et al. suggest that PGCs deficient in Sod2 are less competitive in generating gametes compared to their wild-type counterparts, due to the selective disadvantage imposed by higher levels of ROS-induced damage.
4 GENOME QUANTITATION
Finally, Giarmarco et al. introduced a new method for the spatial quantification of both mtDNA and mtRNA within fixed frozen tissue sections. This method employs a dual-probe strategy that combines RNAscope™ in situ hybridization (ISH) with immunohistochemistry (IHC) for precise labeling of mitochondria. Such a technique could prove to accurately quantify mtDNA copy numbers and expression levels, while preserving the integrity of cell morphology within its native microenvironment. The authors applied this methodology in a complex tissue like the retina, with the aim to evaluate circadian variations in mtDNA and mtRNA levels in zebrafish cone and rod photoreceptors, at an individual cells’ resolution.
5 CONCLUSION
Mitochondria are metabolic hubs, essential for cellular homeostasis, whose dysregulation is associated with a broad range of diseases. Targeting mitochondria is therefore an attractive strategy, and precision medicine based on mitochondria is emerging as a rapidly evolving field. The multi-layered research presented in this Research Topic emphasizes the crucial impact of this organelle in both health and disease. The studies highlight our increased understanding of mitochondrial dynamics within their cellular milieu and suggest the feasibility of targeting mitochondrial dysfunctions as a viable strategy for a range of pathologies, from cardiovascular diseases to metabolic disorders. Additionally, advancements in genetic diagnostics promise to refine our ability to manage mitochondrial disorders more effectively. Last, the exploration of mitochondrial transfer as a therapeutic intervention will require careful consideration of its dichotomous effects, offering benefits in regenerative medicine while posing challenges in cancer treatment. We anticipate a future where mitochondrial parameters emerge as pivotal biomarkers and therapeutic targets. The insights gained from these studies will inform the next-generation of mitochondrial researchers, propelling us towards more precise interventions.
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Background: Although the exact mechanisms of nonalcoholic fatty liver disease (NAFLD) are not fully understood, numerous pieces of evidence show that the variations in mitochondrial DNA (mtDNA) level and hepatic Fibroblast growth factor 21 (FGF21) expression may be related to NAFLD susceptibility.
Objectives: The main objective of this study was to determine relative levels of mtDNA copy number and hepatic FGF21 expression in a cohort of Iranian NAFLD patients and evaluate the possible relationship.
Methods: This study included 27 NAFLD patients (10 with nonalcoholic fatty liver (NAFL) and 17 with non-alcoholic steatohepatitis (NASH)) and ten healthy subjects. Total RNA and genomic DNA were extracted from liver tissue samples, and then mtDNA copy number and FGF21 expression levels were assessed by quantitative real-time PCR.
Results: The relative level of hepatic mtDNA copy number was 3.9-fold higher in patients than in controls (p < 0.0001). NAFLD patients showed a 2.9-fold increase in hepatic FGF21 expression compared to controls (p < 0.013). Results showed that hepatic FGF21 expression was positively correlated with BMI, serum ALT, and AST levels (p < 0.05). The level of mitochondrial copy number and hepatic FGF21 expression was not significantly associated with stages of change in hepatic steatosis. Finally, there was a significant correlation between FGF21 expression and mitochondrial copy number in NAFLD patients (p = 0.027).
Conclusion: Our findings suggest a considerable rise of hepatic FGF21 mRNA levels and mtDNA-CN and show a positive correlation between them in the liver tissue of NAFLD patients.
Keywords: fibroblast growth factor 21, mitochondrial DNA, nonalcoholic fatty liver disease, FGF21, NAFLD
INTRODUCTION
Chronic liver diseases are rapidly growing as health priorities globally. Fatty liver disease can occur in the setting of both nonalcoholic fatty liver disease (NAFLD) and alcoholic liver disease (ALD) (Toshikuni et al., 2014). NAFLD is among the most prevalent chronic liver disorders worldwide, with a pooled global prevalence of 25.24% and over the past 2 decades there has been a steady increase in its incidence across many populations. (Mitra et al., 2020). NAFLD is characterized by steatosis affecting more than 5% of hepatocytes in individuals who do not consume excessive amounts of alcohol, do not have other liver diseases, and do not take steatogenic drugs. The histological spectrum of NAFLD comprises nonalcoholic fatty liver (NAFL), which involves steatosis without hepatocellular injury, and steatohepatitis (NASH), which involves inflammation and hepatocyte ballooning degeneration in addition to steatosis. Patients with NAFLD can progress to fibrosis, and ultimately, cirrhosis (Chalasani et al., 2012; Younossi et al., 2018). Patients with cirrhosis are at risk of potentially life-threatening liver-related complications such as portal hypertension, hepatic failure, and hepatocellular carcinoma (Ascha et al., 2010; Bhala et al., 2011; Nusrat et al., 2014). Knowledge about the mechanisms that are potentially involved in the pathogenesis of NAFLD is still incomplete. However, new evidence suggests that the pathogenesis of NAFLD involves complex mechanisms collectively referred to as the “multiple parallel hits hypothesis”. This theory proposes that multiple components act in parallel to contribute to the development of NAFLD, rather than in a linear series (Lonardo et al., 2017; Caturano et al., 2021). According to this theory, these factors are believed to play role in the development of NAFLD: insulin resistance (IR), genetic and epigenetic factors, mitochondrial dysfunction, endoplasmic reticulum stress, microbiota, chronic low-grade inflammation, and dysfunction of adipose tissue (Acierno et al., 2020).
The pathogenesis of NAFLD is impacted by changes in the mitochondria, such as mitochondrial DNA depletion, as well as modifications in the beta-oxidation and respiratory chain functions. (Pessayre and Fromenty, 2005). If mitochondrial and peroxisomal functions are unable to handle the increased lipid flow, it can cause respiratory oxidation to collapse, leading to disruption in lipid balance, production of harmful metabolites, and an excess of reactive oxygen species (ROS) (Begriche et al., 2006; Wang et al., 2020). These events contribute to oxidative stress, hepatic necro-inflammatory processes, and worsening of mitochondrial damage. In fact, it has been proven that mitochondrial dysfunction is directly associated with IR, obesity, and the release of pro-inflammatory cytokines levels like tumor necrosis factor-alpha (TNF-α) (Paradies et al., 2014). Furthermore, ROS and oxidized low-density lipoprotein (LDL) cholesterol particles can activate Kupffer and hepatic stellate cells, leading to the deposition of collagen and the progression of liver fibrosis (Cusi, 2009).
In addition, endoplasmic reticulum (ER) malfunction probably leads to accumulation of unfolded proteins inside the ER, increased protein synthesis, reduction of Adenosine triphosphate (ATP), and activation of the unfolded protein response (UPR). UPR is a compensatory response to decrease protein synthesis, increase protein trafficking capacity through the ER, and increase protein degradative pathways (Wang and Kaufman, 2014). UPR failure to solve the protein-folding defect, may induce hepatocytes apoptosis.
Based on the mentioned multi-hit hypothesis, and factors like ATP deficiency, increased lipid flow, and dysfunction of beta-oxidation which are directly linked to mitochondria, several studies have suggested that NAFLD might be a mitochondrial disease (Begriche et al., 2006; Dornas and Schuppan, 2020; Xu et al., 2021). This condition leads to mitochondrial damage and mitochondrial DNA copy number (mtDNA-CN) variations in hepatocytes (Pirola et al., 2015; Kamfar et al., 2016).
Circulating fibroblast growth factor 21 (FGF21), a member of the FGF family, is predominantly liver-derived and is involved in the hormonal regulation of glucose and lipid metabolism, energy homeostasis, insulin sensitivity, and other metabolic functions (Cuevas-Ramos et al., 2009). Numerous preclinical and clinical evidence suggested that aberrant FGF21 signaling may play a role in the pathogenesis and progression of NAFLD (Liu et al., 2015; Rusli et al., 2016; Tucker et al., 2019). Both FGF21 serum levels and FGF21 expression were discussed to be indicators of NAFLD (Falamarzi et al., 2022). It has been shown that FGF21 stimulates lipolysis by decreasing fat stores leading to reducing hepatic steatosis and lipotoxicity (Xu et al., 2009; Tanaka et al., 2015; Bao et al., 2018). Moreover, several studies have also reported that FGF21 reduces oxidative stress and endoplasmic reticulum stress (Ye et al., 2014; Boparai et al., 2015) and enhances mitochondrial function (Lee et al., 2016).
In this observational case-control study, considering the role of FGF21 and mitochondria in NAFLD pathogenesis, our first aim was to assess FGF21 expression and mtDNA-CN in Iranian NAFLD patients in different stages of the disease and compare those to healthy control group. Our second objective was to investigate the possible relation between the levels of FGF21 expression and mtDNA-CN in liver samples from Iranian NAFLD patients.
METHODS
Study population
Over one and a half years, this study was carried out on NAFLD patients identified from a sub-specialist tertiary NAFLD clinic at the Khatam Ol-Anbia Hospital, Tehran, Iran. Participants were selected based on liver ultrasonography, clinical, and laboratory findings. Patients with other liver problems, cancer, family history of diabetes, history of alcohol drinking, viral hepatitis (B or C), steatogenic medications, and glucocorticoid therapy were carefully excluded. Control group consisted of healthy volunteers who did not have any history of liver and metabolic related disorders. A liver needle biopsy was used to obtain liver samples. two to three samples were obtained from each participant which were used for histological assessment and nucleic acid extraction. Relevant clinical and laboratory data were collected from the time of liver biopsy. Patients with NAFLD were classified into NAFL and NASH based on the histologic findings and were approved by at least two pathologists. The same method was used for control group classification and individuals with pathologic findings in their samples were excluded from the control group. The medical ethics committee approved the Protocol of Hamadan University of Medical Sciences (P/16/35/9/3481), and all the participants signed Written Informed Consent before participating in this research study. The study protocol conformed to the ethical guidelines of the World Medical Association Declaration of Helsinki.
Anthropometric assessment and results of biochemical analysis
Relevant clinical details such as age, gender, weight, and height were obtained from all patients at the time of liver biopsy. The body mass index (BMI) was calculated by the formula: weight (kg)/height2 (m2). Blood tests taken at the time of liver biopsy were used to determine related paraclinical parameters. An automated enzymatic procedure assayed with alanine transaminase (ALT), aspartate transaminase (AST), cholesterol, triglyceride, HDL cholesterol, and fasting blood glucose (FBS) levels. The Friedewald formula was used for calculation of LDL-cholesterol levels.
Histological assessment
Percutaneous liver biopsies were performed using a Menghini needle. Liver biopsies were all >15 mm in length and were read by two experienced hepatopathologists. And any disagreement was resolved with discussion between them. “NASH” was defined as steatosis with hepatocyte ballooning degeneration and inflammation with or without fibrosis (Yeh and Brunt, 2014). “NAFL” was defined as steatosis only, or steatosis with mild inflammation without hepatocyte ballooning degeneration.
DNA/RNA extraction
Genomic DNA and total RNA were extracted simultaneously from fresh liver samples using the AllPrep DNA/RNA Micro (Qiagen, Dubai, United Arab Emirates). According to the manufacturer’s instructions, hepatic tissue samples were first lysed and homogenized in a buffer for inhibition of DNases and RNases to obtain intact DNA and RNA. The lysate was passed through an AllPrep DNA spin column to selectively and efficiently isolate DNA. The column was then washed and DNA was eluted. Ethanol was added to the flow-through from the AllPrep DNA spin column to allow proper binding conditions for RNA, and the sample was then applied to RNeasy MinElute spin column, where total RNA binds into the membrane and contaminants were effectively washed away. Finally, RNA was then eluted in water.
Mitochondrial DNA copy number
Quantification of mtDNA-CN was assessed using quantitative real-time PCR (qPCR). According to the manufacturer’s Protocol, this assay was carried out using the SYBR master mix (Real qPCR 2x Mix, Amplicon, Wrocław, Poland). Amplification was done with two pair primers: ONP86/ONP89 and B-actin (Shakhssalim et al., 2013; Kamfar et al., 2016; Zabihi Diba et al., 2016). The first set of primers (86/89) was used to amplify a normal fragment in mtDNA, and the second set (B-actin) was used as an internal control for nucleic DNA. Primer-BLAST was used to check the primer specificity (Ye et al., 2012). The amplification was done for 40 cycles using the following conditions: 95°C for 15 min, then 95°C for 30 s, and 58°C for 1 min. All samples were run in triplicate. Relative levels of mtDNA-CN were measured by using the 2−ΔΔCT method (Jensen, 2012).
Hepatic mRNA expression of FGF21
RNA isolated from liver biopsy was reverse transcripted using the cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, United States of America) and the obtained cDNA was used as template in the qPCR reaction. According to the manufacturer’s Protocol, the quantitative real-time PCR assay was carried out using specific primers in a 20 µL reaction volume containing SYBR Green master mix (Real QPCR 2x Mix, Amplicon, Wrocław, Poland). Each reaction was run in duplicate, and the accuracy of qPCR product size was confirmed by gel electrophoresis. Two primer pairs were designed to analyze FGF21 and B-actin as housekeeping genes (Table 1).
TABLE 1 | Sequences of primers used for quantitative real-time PCR.
[image: Table 1]Statistical analysis
Analyses were performed using SPSS 18.0 software package (SPSS Inc., United States). Data were presented as means ± standard deviation (SD). The student's t-test was used for comparing normally distributed variables. Logistic regression was used to adjust for age, BMI, and lipid level confounders. Pearson correlation coefficient was carried out to describe the relationship of FGF21 expression and mtDNA-CN with variables related to NAFLD. In all statistical tests, p < 0.05 was regarded as statistically significant.
RESULTS
Baseline characteristics of participants, including 27 patients with NAFLD (17 NASH, 10 NAFL) and ten healthy control subjects, are presented in Table2. The mean TG, ALT, AST, and BMI in NAFLD patients were significantly higher than in the control group (p < 0.05). No statistically significant difference was found in the other parameters between these two groups. According to the results, we observed a 3.9-fold increase in relative mtDNA-CN in the livers of NAFLD patients compared to healthy controls (p < 0.0001) (Figure1). A comparison of mtDNA-CN showed a 4.3 (p < 0.008) and 3.5-fold (p < 0.013) increase in patients with NAFL and NASH compared to control subjects, respectively. No substantial differences were observed in mtDNA-CN between the NAFL and NASH patients (p < 0.615) (Supplementary Table S1). No relation was observed after adjustment for age and BMI between mtDNA-CN and variables such as lipid levels and blood pressure (p > 0.05). In addition, no significant association was found between mtDNA-CN and age (p > 0.05) (Supplementary Table S2).
TABLE 2 | Anthropometrics parameters and biochemical indexes among control and NAFLD group.
[image: Table 2][image: Figure 1]FIGURE 1 | Comparison of the relative mtDNA copy number between NAFLD and control group. *p-value was computed t-test and data are shown as Mean ± SEM.
Our findings also indicated that FGF21 expression in hepatic tissue was 2.9-fold higher in patients with NAFLD than in control subjects (p = 0.013) (Figure 2). No significant difference was observed between patients with NAFL and NASH (p = 0.843) (Supplementary Table S1). Our results also showed a positive correlation between FGF21 expression and BMI (p = 0.035), AST (p = 0.02), and ALT (p < 0.01) levels (Supplementary Table S2). We found no sex difference in the expression of FGF21 between NAFL and NASH groups (p > 0.05). In addition, there was no significant relation between FGF21 expression and other anthropometric and biochemical measurements after adjusting for age and BMI in these groups.
[image: Figure 2]FIGURE 2 | Comparison of the FGF21 relative expression between NAFLD and control group. *p-value was computed by t-test and data are shown as Mean ± SEM.
Finally, our findings in this study demonstrated a positive correlation between mtDNA-CN and FGF21expression levels in NAFLD patients (p = 0.027) (Figure 3). This comparison remained statistically significant after adjusting for age and BMI (p = 0.035).
[image: Figure 3]FIGURE 3 | Comparison of the relative mtDNA copy number and FGF21 expression in NAFLD patients.
DISCUSSION
Recent studies have shown that NAFLD can be classified as a mitochondrial disease, in fact mitochondrial malfunction leads to abnormal hepatic fatty acid oxidation causing fat accumulation and hepatic steatosis. In addition to that, such mitochondria produce more ROS and less ATPs which cause more damages to mitochondria and hepatic cells making a destructive cycle (Koroglu et al., 2016; Dornas and Schuppan, 2020; Dabravolski et al., 2021). Thus, measuring relative mtDNA-CN as determining factor for mitochondrial damage and activity rate can be helpful for identifying the stage and prognosis of the disease (Cao et al., 2020; Filograna et al., 2021). On the other hand, in some stages of different mitochondrial disorders mtDNA-CN can be within the normal range and its changes should be interpreted along with clinical, histological, and other laboratory findings (Mavraki et al., 2023). However, despite its flows, mtDNA-CN is widely accepted among researchers as a useful method to assess mitochondrial function (Castellani et al., 2020; Zhang et al., 2022). Our results showed significant elevation in relative mtDNA-CN in NAFLD patients’ liver which were in accordance with our previous work (Kamfar et al., 2016). Also, Malik et al. demonstrated a rise in hepatic mtDNA content during the initial stages of hepatic steatosis in mice models (Malik et al., 2019). Chiappini et al. also found that the mtDNA to nuclear DNA (nDNA) ratio was higher in hepatic steatosis than in normal liver tissues (Chiappini et al., 2006). However, in contrast to these results Sookian et al. and Pirola et al. reported significant lower mtDNA/nDNA ratio in the liver of NAFLD patients compared to that of healthy control group (Sookoian et al., 2010; Pirola et al., 2015). Studies suggested that mtDNA-CN upregulation in humans with mitochondrial diseases, mostly concomitant with an overall rise in mitochondrial biogenesis, is regularly occurring and typically considered as a compensatory mechanism to support cellular bioenergetics (Hsin-Chen et al., 2000; Lee et al., 2018; Skuratovskaia et al., 2019; Filograna et al., 2021). We assumed that in NAFL patients this compensatory mechanism leads to mtDNA-CN upregulation and when this mechanism fails, due to disease progression and significant higher oxidative stress in NASH patients, the mtDNA-CN falls down. On the other hand, an increase in defective mitochondria can be considered detrimental rather than protective because of ROS accumulation as byproducts of the defective mitochondria (Sanyal et al., 2001; Shami et al., 2021). So, the precise involvement of mitochondrial biogenesis in these patients remains a topic of debate. In the present study we investigate NAFL and NASH patients separately in this regard. Although in our results relative mtDNA-CN was higher in NASH samples compared to NAFL ones, the difference was not significant. Thus, the interpretation of this data can be challenging, partly due to method-, specimen- and study design-related issues.
Some studies reported substantial depletion of mtDNA-CN in hepatic cells with aging in animal models (Barazzoni et al., 2000; Hartmann et al., 2011). Wachsmuth et al. suggested that mtDNA-CN decreased with age in human muscle tissue (Wachsmuth et al., 2016). However, Frahm et al. reported no age-related increase of mtDNA amount in brain, skeletal muscle and human heart (Frahm et al., 2005). Their result was in accordance with our present and previous studies (Kamfar et al., 2016) on human liver cells. This can have several reasons, for example, beside limited number of samples, our studies had a case-control design and we did not investigate liver mtDNA-CN in individuals through long duration of time. Also, evidence indicated that mtDNA-CN can vary between different cell types and answer differently to various physiologic and pathologic states including NAFLD (Tapia et al., 2018; Ma et al., 2020; Filograna et al., 2021) suggesting a dynamic nature for this parameter.
In the current study, we detected a significant increase in FGF21 expression in patients with higher BMI. This results were in concordance to many previous studies conducted on children (Reinehr et al., 2012) and adults (Dushay et al., 2010; Tyynismaa et al., 2011). According to our results, FGF21 expression rise was also significantly correlated to high AST and high ALT. Nakanishi et al. supported this result in their study which showed that FGF21 level was remarkably associated with AST and ALT elevation (Nakanishi et al., 2021). This emphasizes FGF21 role as an ameliorating agent which its production increases in liver injuries.
Numerous evidence showed that circulatory FGF21 rise in NAFLD patients and discussed its role as a protective factor (Tucker et al., 2019; Tillman and Rolph, 2020). FGF21 elevation can be seen as another compensatory mechanism in these patients. However, we do not fully understand the molecular regulatory mechanisms behind its function yet (Watanabe et al., 2020; Tan et al., 2023). In our study we detected remarkable increase in its expression in liver tissue of NAFLD patients compared to of control group. This result was supported by other previous works (Kamfar et al., 2016; Liu et al., 2023). Li et al. suggested that FGF21 may mirror the severity and progression of NAFLD due to its association with obesity, triglyceride, and gama-glutamyltransferase (Li et al., 2010). They reported that hepatic FGF21 mRNA expression in NAFLD patients with grade 1 was 4-fold higher than that in grade 0 (p < 0.01), and grade 2–3 was 14.71-fold higher than that in grade 0 (p < 0.01). In another study conducted by Flisiak-Jackiewicz et al. serum FGF21 levels were higher significantly in obese children with NAFLD compared to obese children without the disease and had a positive correlation with steatosis grades in biopsies (Flisiak-Jackiewicz et al., 2019). However, we did not detect any significant difference in its expression between NAFL and NASH patients. This can be due to the failure of FGF21 related compensatory mechanisms in more advanced stages of the disease. In this regard Alisi et al. found that FGF21 levels increased progressively with the increase of hepatic steatosis, but when hepatic fat content reached the fourth quartile, FGF21 levels tended to decline (Alisi et al., 2013). The authors of that study suggested that decreased production of this molecule by hepatocytes due to their injury or death caused by lipotoxicity and hepatic inflammation may be the cause of its decline in adult patients with severe liver steatohepatitis. Their results were also in accordance with the study conducted by Dushay et al. who reported lower hepatic FGF21 expression in NASH compared to NAFLD and suggested it may reflect more advanced hepatic injury (Dushay et al., 2010).
Finally, we reported a positive correlation between mtDNA-CN and FGF21 expression levels in liver tissue samples of patients with NAFLD which as mentioned before might be a mitochondrial disease. Based on current results, these two factors may play critical roles at the early stages of disease in inhibiting NAFLD development to NASH. In a recent systematic review, Lin et al. reported that FGF21 is highly sensitive and specific for diagnosis of mitochondrial diseases (Lin et al., 2020). According to a study conducted by Ji et al. FGF21 expression in mitochondrial diseases increases as a compensatory mechanism in energy metabolism. Furthermore, they showed that FGF21 regulates energy homeostasis by increasing expression of mitochondrial genes and mtDNA-CN (Ji et al., 2015). A more accurate explanation of the relation between these two factors in NAFLD remains to be investigated. Despite the importance of this matter, there are currently no approved therapies for treating NAFLD or NASH globally (Francque and Vonghia, 2019). Exercise prescription is considered a central strategy in treatment (van der Windt et al., 2018). In confirmation of this proposed option, in one study, J Henkel et al. showed that exercise improved glucose tolerance in NAFLD by inducing FGF21 production by the liver (Henkel et al., 2019).
Our study holds some limitations. Firstly, limited number of participants is an important barrier for making a reliable conclusion that needed to be noticed. Secondly, because of the dangers of sample collection in this study we could not match our controls with patients perfectly. We tried to minimize the effect of this bias by adjusting for some confounding factors like age and BMI in our analysis. Thirdly, we did not collect data during the progression of the disease in individuals hence our results regarding changes in parameters during disease progression are subject to error. Finally, like any study using liver biopsy as a standard, miss-diagnosis of disease stage at biopsy can be caused by sampling error (Ratziu et al., 2005). The potential for sampling error in this study was minimized by collecting 2 to 3 biopsies >15 mm from each participant and consulting two hepatopathologists to examine each sample.
In the present study we did not collect data on FGF21 protein levels in liver tissues and blood samples of patients and just reported and analyzed FGF21 mRNA levels. It has been shown that the protein levels can be independent of associated mRNA levels in tissues and blood (Greenbaum et al., 2003; Silva and Vogel, 2016). This can be caused by several factors affecting FGF21 production like mRNA degradation, translation, and protein degradation (Battle et al., 2015; Bayoumi et al., 2021). Hence, making it challenging to find a direct cause-and-effect relationship between different gene expressions. We tried to tackle this issue by measuring mRNA levels which become affected prior to changes in protein levels and to help clarifying ambiguities. More studies with larger number of participants and measuring protein levels through disease progression are needed to track the changes more specifically.
As for studying mitochondrial changes we only collected data on mtDNA-CN in liver tissues of participants as previous literature suggested it to be a biomarker of mitochondrial function (Castellani et al., 2020; Zhang et al., 2022). However, further studies on mitochondrial changes with different methods like electron microscopy and evaluation of consequences of mtDNA-CN changes are needed.
Taken together, in this case-control study, we have shown a considerable rise in FGF21 expression and mtDNA-CN in NAFLD patients compared to healthy control group. While the data presented here suggest that mitochondrial dysfunction and FGF21 expression are involved in the disease mechanism, they are not conclusive in predicting prognosis or progression of the disease. Furthermore, our results suggested a positive correlation between hepatic FGF21 expression and mtDNA-CN in the liver tissue of NAFLD patients. Further research is needed to determine the exact relationship between mtDNA-CN and FGF21 with NAFLD susceptibility.
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In skeletal muscle (SkM), a reduced mitochondrial elongate phenotype is associated with several metabolic disorders like type 2 diabetes mellitus (T2DM). However, the mechanisms contributing to this reduction in mitochondrial elongate phenotype in SkM have not been fully elucidated. It has recently been shown in a SkM cell line that toll-like receptor 4 (TLR4) contributes to the regulation of mitochondrial morphology. However, this has not been investigated in human SkM. Here we found that in human SkM biopsies, TLR4 protein correlated negatively with Opa1 (pro-mitochondrial fusion protein). Moreover, the incubation of human myotubes with LPS reduced mitochondrial size and elongation and induced abnormal mitochondrial cristae, which was prevented with the co-incubation of LPS with TAK242. Finally, T2DM myotubes were found to have reduced mitochondrial elongation and mitochondrial cristae density. Mitochondrial morphology, membrane structure, and insulin-stimulated glucose uptake were restored to healthy levels in T2DM myotubes treated with TAK242. In conclusion, mitochondrial morphology and mitochondrial cristae seem to be regulated by the TLR4 pathway in human SkM. Those mitochondrial alterations might potentially contribute to insulin resistance in the SkM of patients with T2DM.
Keywords: mitochondrial dynamics, skeletal muscle function, mitochondrial nanotunnels, Lipopolysaccharide, TAK242, type 2 diabetes
1 INTRODUCTION
Skeletal muscle (SkM) contributes to a large proportion of whole-body fatty acid uptake and oxidation, as well as to 80% of insulin-stimulated glucose disposal (Baron et al., 1988). Therefore, SkM plays an important role in whole-body metabolic regulation (Pedersen and Febbraio, 2012). In this sense, the mitochondrial function plays an important role in the cell energy supply. In humans, mitochondria occupy >5% of SkM fiber volume (Castro-Sepulveda et al., 2020), and their function has been associated with SkM metabolism and function (Islam et al., 2018).
Mitochondria are dynamic organelles whose morphology (fragmented or elongated) is determined by fusion and fission events (Castro-Sepulveda el al., 2023). SkM mitochondria of subjects with type 2 diabetes mellitus (T2DM) display a fragmented phenotype (Kelley et al., 2002). Moreover, we showed that in human SkM, a mitochondrial connected phenotype was negatively correlated with lipid droplet density and positively correlated with whole-body lipid oxidation (Castro-Sepulveda et al., 2020), which are two variables associated with insulin resistance. In agreement with those in vivo results, an in vitro study showed that myotubes from insulin resistant patients presented a fragmented mitochondrial phenotype. Treatment of those myotubes with Mdivi-1 drug, a specific inhibitor of mitochondrial fission, restored the mitochondrial connected phenotype, and insulin-stimulated glucose uptake to control levels from healthy volunteers (Kugler et al., 2021). Therefore, mitochondrial morphology plays a role in SkM insulin sensitivity. Elucidating the mechanisms that regulate SkM mitochondrial morphology may reveal important therapeutic targets for metabolic disorders including T2DM.
Toll-like receptor 4 (TLR4), a classical cell pro-inflammatory receptor, is found in the SkM and when activated with LPS induces a local inflammatory response (Reyna et al., 2008; Liang et al., 2013). Increased TLR4 protein expression has been reported in the SkM of subjects with obesity and T2DM, which in turn was associated with insulin resistance (Reyna et al., 2008; Dasu et al., 2010). Therefore, T2DM patients present both fragmented mitochondria phenotype and increased expression of components of the TLR4 pathway in the SkM. However, to date, no study has clearly established any interaction between inflammation and mitochondrial dynamics in the context of insulin resistance. A recent study has shown that incubation of mouse myogenic C2C12 cells with LPS induced fragmented mitochondrial phenotype (Eggelbusch et al., 2022). A similar TLR4-induced fragmented mitochondrial phenotype was found in murine cardiomyocytes (Wu et al., 2018). Together, those results suggest that TLR4 regulates mitochondrial morphology. However, this has not been studied in human SkM. Therefore, we hypothesize that TLR4 regulates mitochondrial morphology in human SkM, which would be involved in the regulation of insulin sensitivity in the context of T2DM.
2 METHODS
2.1 In vivo study in healthy human SkM
2.1.1 Subjects
Twelve nondiabetic, nonsmoker men (mean [standard deviation], age, 24.7 [1.5] y; Weight, 75.7 [11.1] kg; body mass index, 24.4 [2.6] kg·m-2; glucose, 86.9 [6.8] mg·dl-1 insulin, 8.9 [7.6] µUI·ml-1; HOMA-IR 2.0 [2.0]; triglycerides, 102 [53] mg·dl-1; total cholesterol, 185 [38] mg·dl-1; LDL-C, 114 [35] mg·dl-1; HDL-C, 51 [14] mg·dl-1; VLDL-C, 21 [11] mg·dl-1.), without history of cardiovascular, respiratory, or thyroid disease, were included. The sample size was calculated using G-power software, considering the study by Castro-Sepulveda et al. (2020), using the correlation (r = 0.69) between human SKM mitochondrial size (TEM) with whole-body resting RQ, with a power (1—β) of 0.95. The calculated samples size was 10. A 20% of desertion rate or technical problem with the muscle was taken into account for a final sample size of 12 subjects per group. Volunteers were recruited through posters placed at the Finis Terrae University and on massive social media. The volunteers were summoned to a brief interview during which the study protocol was explained to them. In this interview, the inclusion criteria were evaluated and the informed consent was given to and signed by the volunteers. Biopsies from the vastus lateralis of the dominant leg were obtained at the middle point between the anterior superior iliac spine and the patella. The modified Bergström needle technique with suction was used. After local anesthesia (2% lidocaine) was applied, a small incision was made into the skin and fascia, and the biopsy needle was inserted into the muscle. About 100 mg of tissue was withdrawn through manual suction. Excess blood, visible fat, and connective tissue were removed from the tissue. All biopsies were obtained at rest between 8:00 and 9:00 AM. Half of the muscle tissue was immediately frozen in liquid nitrogen and stored at −80°C for Western blotting; the other half was fixed in 2.5% glutaraldehyde for transmission electron microscopy analyses (Castro-Sepulveda et al., 2020). After the biopsies, the doctor gave the health recommendations to the volunteers to treat the incision during the following 56 h. None of the volunteers reported inconveniences. All subjects signed a written informed consent form in accordance with the Helsinki Declaration, and it was approved by the Institutional Review Board at the Universidad Finis Terrae (22-077)-Accredited by SEREMI of Health Exempt Resolution No. 002681/2021.
2.1.2 SkM preparation for transmission electron microscopy (TEM) and image analyses
The SkM biopsies were fixed, and dissected into fiber bundles, washed with 0.1 M sodium cacodylate buffer, stained with 2% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 h and embedded in Epon resin. Finally, 80-nm sections were examined using a TEM (Tecnai T12 at 80 kV, Philips; Microscopy Facility, Pontificia Universidad Católica de Chile). Mitochondrial morphology was assessed using Fiji/ImageJ software.
2.1.3 Western blotting
SkM samples were homogenized in a lysis buffer as described previously (Castro-Sepulveda et al., 2020). Proteins were separated by SDS-PAGE and transferred to PVDF membranes. The following antibodies were used: Mfn1 (sc-166644-Santa Cruz Biotechnology), Mfn2 (ab56889-Abcam), Opa1 (612606-BD-Biosciences), TLR4 (sc-293072-Santa-Cruz-Biotechnology), Drp1 (sc-101270-Santa-Cruz-Biotechnology), pDrp1 (Ser616, 3455-Cell-Signaling-Technology), Fis1 (ALX-210-1037-Enzo-Life-Sciences), total OXPHOS cocktail (ab110413-Abcam) and GAPDH (2118-Cell-Signaling-Technology). Representative pictures of the blots can be found in Supplementary Figure S1. The Western blotting data for Mfn1-2, Opa1, GAPDH, and TEM images has been previously published (Castro-Sepulveda et al., 2020), but herein we re-analyzed those data differently.
2.1.4 Blood analyses and maximal oxygen uptake
Serum levels of insulin were determined by chemiluminescence and triglycerides, total cholesterol, low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) by dry chemistry (Bionet, Santiago, Chile). Blood samples were taken ∼7 days prior to the muscle biopsy. Maximal oxygen uptake (VO2max) was determined during an incremental cycle ergometer as previously described (Castro-Sepulveda et al., 2020).
2.2 In vitro study in human primary myotubes
2.2.1 SkM tissue explants and satellite cell isolation
For this study, the inclusion criteria for the healthy volunteers were: BMI between 18 and 25 kg·m-2 and no diagnosis of metabolic syndrome, insulin resistance, or T2DM. For the T2DM group, the inclusion criteria was: having a fasting glycaemia over 126 mg·dl-1 or over 200 mg·dl-1, 2 h following a 75 g glucose challenge. All subjects signed a written informed consent form in accordance with the Helsinki Declaration. The study was approved by the Institutional Review Board at the Universidad Finis Terrae (22-076)-Accredited by SEREMI of Health Exempt Resolution No. 002681/2021. SkM biopsies of the vastus lateralis were obtained from healthy males (n = 3; age, 31.0 ± 3.6 years; body mass index, 25.2 ± 1.8 kg·m-2; HOMA-IR, 1.1 ± 0.3), and T2DM patients (n = 3; age, 42.5 ± 7.5 years; body mass index, 31.5 ± 4.2 kg·m-2; HOMA-IR, 3.6 ± 0.2). After the biopsies, the doctor gave the health recommendations to the volunteers to treat the incision with ice gel pack during the following 56 h. None of the volunteers reported inconveniences. A part of the muscle biopsy (∼20 mg) was placed in a 35-mm plate coated with Matrigel and maintained in a growth medium (DMEM, Sigma-Aldrich). Cells were harvested using dispase (BD Biosciences), sub-cultured in growth medium, and then sorted using magnetic activated cell sorting (MACS©; Miltenyi Biotec) with magnetic microbeads directly linked to CD56 (purified mouse, anti-human CD56, BD-Biosciences) to isolate satellite cells from other cell populations (Valero-Breton et al., 2020).
2.2.2 Myoblast transfection, differentiation to myotubes, and image analysis
For transfection with mtDsRed plasmid, myoblasts from three healthy and three T2DM volunteers were evenly pooled and incubated at 37°C. The myoblast pool were transfected with mtDsRed plasmid (1 µg) using Lipofectamine 2000 (2 μg, Thermo Fisher Scientific). Healthy myotubes were incubated with DMSO (vehicle, CTRL), LPS (10 µg·ml-1, activator of TLR4) and LPS + TAK242 (1 μM, inhibitor of TLR4) for 24 h. Confocal images were captured in live myotubes (Zeiss LSM 880 with Airyscan detection, Microscopy Facility, Pontificia Universidad Católica de Chile). Mitochondrial number and density were quantified using Fiji/ImageJ software.
2.2.3 Myotube preparation for TEM and image analysis
After 24 h of treatment, the myotubes were dissociated with trypsine (Thermo Fisher Scientific), centrifuged, and pellefixed in 2% glutaraldehyde. The fixed pellet was dissected into fiber bundles and analyzed by TEM (Tecnai T12 at 80 kV, Philips; Microscopy Facility, Pontificia Universidad Católica de Chile). Mitochondrial morphology was evaluated as previously described (Vincent et al., 2016; Castro-Sepúlveda et al., 2021a). Example of morphometric analyses in Supplementary Figure S2.
2.2.4 Oxygen consumption
Live myotubes were resuspended in PBS (500 μL) and placed in a gas-tight chamber. Basal oxygen consumption rate (OCR) was measured at 37°C using a Clark electrode (Yellow Springs Instruments) (Castro-Sepúlveda et al., 2021b).
2.2.5 Single-cell fluorescent hexose uptake assay
Myotubes were treated with insulin (100 nM, Actrapid, Novo-Nordisk, Denmark) for 20 min. After, the myotubes were washed and incubated with 2-NBDG (Molecular Probes, Invitrogen, Carlsbad; 300 µM) for 15 min, and transferred to a confocal microscope (Carl Zeiss Pascal 5; Universidad de Chile). Hexose uptake was estimated by comparing intracellular fluorescence with the extracellular signal of live myotubes (Rosales-Soto et al., 2020). The images were quantified by Fiji/ImageJ software.
2.3 Statistics
Data are presented as means and standard deviations. Correlations were analyzed using Pearson test. Comparisons between groups were performed using Kruskal–Wallis test and Dunn´s post hoc test for multiple comparisons. A two-way ANOVA was used (after logarithmic transformation) to compare 2-NBDG myotube uptake between groups. p < 0.05 was considered significant. Prism 7 (GraphPad Software, La Jolla, CA) was used for analyses.
3 RESULTS
TLR4 protein expression did not correlate with age, body mass index, or metabolic parameters (Table 1).
TABLE 1 | Correlation of TLR4 protein expression with age, body mass index, and metabolic parameters.
[image: Table 1]The protein expression of TLR4 did not correlate with outer mitochondrial membrane pro-fusion Mfn1 and Mfn2 (Figure 1A), nor with pro-fission Fis1, Drp1 and Drp1Ser616 (Figure 1B). A negative correlation was detected between the protein expression of TLR4 and the inner mitochondrial membrane pro-fusion Opa1 (r = −0.61; p = 0.03; Figure 1A). TLR4 protein expression was negatively correlated with SDHB (complex II; r = −0.55; p = 0.06; Figure 1C), UQCRC2 (complex III; r = −0.70; p = 0.01; Figure 1C), and ATP5A protein expression (r = −0.62; p = 0.03; Figure 1C). Morphometric analysis revealed a negative correlation between TLR4 protein expression and mitochondrial size (r = −0.55; p = 0.06; Figures 1D, F), but not with mitochondrial density (r = −0.06; p = 0.85; Figures 1E, D).
[image: Figure 1]FIGURE 1 | Association between TLR4 protein and (A) pro-fusion mitochondrial protein expression (Mfn1, Mfn2 and Opa 1). Association between TLR4 protein and (B) pro-fission mitochondrial protein expression (Fis1, Drp1 and Drp1Ser616). Association between TLR4 protein expression and (C) OXPHOS proteins (D) Representative image of mitochondria in skeletal muscle; in yellow, example of masks drawing over outer mitochondrial membrane to evaluate mitochondrial morphology. Correlation between TLR4 protein expression and (E) mitochondrial size, and (F) mitochondrial density. Associations were tested using Pearson tests (n = 12). Bar, 5 µm. Associations were tested using Pearson tests (n = 12).
LPS treatment led to a higher mitochondrial number (p = 0.008; Figures 2A, B), but did not modify mitochondrial density (Figures 2A, C) nor myotube basal respiration (Figure 2D), compared to CTRL. When myotubes were co-treated with LPS and TAK242, no differences were found in mitochondrial number (Figure 2B) compared to CTRL. We confirmed by TEM that LPS altered the mitochondrial morphology (Figures 2E–H). As mitochondrial fusion/fission imbalances may alter mitochondrial cristae structure (Otera et al., 2016; Castro-Sepúlveda et al., 2021a), we evaluated the effects of LPS and TAK242 treatment on cristae structure in human myotubes (Figures 2E, I–K). LPS reduced the mitochondrial cristae number (p = 0.012; Figure 2I) and increased the percentage of mitochondrial nanotunnels (p = 0.011; Figure 2J) and abnormal mitochondrial cristae (p = 0.019; Figure 2K), which were all mitigated by the addition of TAK242 to LPS.
[image: Figure 2]FIGURE 2 | (A) Representative image of mitochondria in live human myotubes transfected with mtDsRed (Red) and treated with DMSO (vehicle, CTRL), LPS and LPS + TAK242, Bar, 20 µm (B) Mitochondrial number per cell (C) mitochondrial density and (D) basal OCR in live human myotubes treated with vehicle, LPS, and LPS + TAK242 (E) Representative electron microscopy image of mitochondria in human myotubes treated with DMSO (vehicle, CTRL), LPS, and LPS + TAK242, Bar, 1 µm (E) Representative image of mitochondria morphology, abnormal mitochondrial cristae and nanotunnels (red arrows) in TEM. Mitochondrial (F) density, (G) size, (H) elongation, (I) cristae number, (J) nanotunnels and (K) abnormal cristae in human myotubes treated with vehicle, LPS and LPS + TAK242. n = 4 independent experiments per group; 4-7 myotubes per experiment. The red points in the graphs indicate the mean of the 4 independent experiments. The gray points indicate technical replicates. Data shown in the graphs are means and SD. p-value of the Kruskal–Wallis test is given at the top left of each graph. **, p < 0.01, *, p < 0.05 from the Dunn’s test.
The role of TLR4 in mitochondrial disturbances was then investigated in a clinical model of inflammation such as myotubes from T2DM patients. T2DM myotubes had less elongated mitochondria (p = 0.028; Figures 3A–D), a higher percentage of abnormal mitochondria cristae (p = 0.047; Figures 3A, E), and a lower number of mitochondrial cristae (p = 0.008; Figures 3A, F) than health CTRL myotubes, which were reversed when T2DM myotubes were treated with TAK242. As it has previously been evidenced that restoration of the connected mitochondrial phenotype in myotubes from insulin-resistant patients by a mitochondrial anti-fission drug restored insulin-stimulated glucose uptake (Kugler et al., 2021), we evaluated whether restoration of the connected mitochondrial phenotype by TAK242 contributed to insulin-stimulated glucose uptake in myotubes of patients with T2DM. As expected, we found that insulin increased 2-NBDG uptake in CTRL (p = 0.022) but not in T2DM myotubes (Figures 3G, H). TAK242 treatment restored insulin-stimulated 2-NBDG uptake in T2DM myotubes (p = 0.006; Figures 3G, H). We found no differences between the CTRL, T2DM, nor T2DM + TAK242 groups in basal conditions (-Ins). In insulin-stimulated conditions (+Ins), we found differences between CTRL and T2DM (p = 0.052), T2DM and TAK242 (p = 0.02), but not between CTRL and TAK242 (p = 0.26).
[image: Figure 3]FIGURE 3 | (A) Representative image of mitochondria in human myotubes treated with DMSO (vehicle, CTRL), myotubes from people with type 2 diabetes mellitus (T2DM) and T2DM myotubes treated with TAK242. Mitochondrial (B) density (C) size (D) elongation (E) abnormal cristae and (F) cristae number in CTRL, T2DM and T2DM + TAK242 myotubes. p-value of the Kruskal–Wallis test is given at the top left of each graph. *, p < 0.05 and **, p < 0.01 from the Dunn’s test. (G) Representative image of 2-NBDG (green) and (H) 2-NBDG uptake in CTRL, T2DM and T2DM + TAK242 myotubes in basal and insulin-stimulated conditions. p-values of the 2-way ANOVA are given at the top left. *, p < 0.05 and **, p < 0.01 from the post hoc Dunn’s test. n = 3-4 independent experiments per group; 4–10 myotubes per experiment. The red points in the graphs indicate the mean of the 4 independent experiments. The gray points indicate technical replicates. Data shown in the graphs are means and SD. Bar in A, 1 μm; Bar in F, 10 µm.
4 DISCUSSION
We hypothesized in this study that in human SkM, mitochondrial morphology could be regulated by the TLR4 pathway, which could in turn contribute to changes in insulin resistance. The main findings were that: 1) in human SkM in vivo, TLR4 protein expression was negatively correlated to Opa1 protein expression and mitochondrial size; 2) in human myotubes, LPS-induced activation of TLR4 increased mitochondrial fragmented phenotype and increased the percentage of abnormal mitochondrial cristae and nanotunnels, which was reversed when TAK242 was added to LPS; and 3) T2DM myotubes displayed a mitochondrial fragmented phenotype, and abnormal mitochondrial cristae structure compared to healthy myotubes, which was partially rescued when T2DM myotubes were treated with TAK242; 4) TAK242 restored the lower insulin-stimulated glucose uptake in T2DM compared to healthy myotubes; potentially due to restoration of the connected mitochondrial phenotype as previously evidenced (Jheng et al., 2012; Kugler et al., 2021).
Previous studies have shown that the TLR4 pathway may regulate mitochondrial morphology in vitro muscle models and in murine cardiac muscle. C2C12 cells treated with LPS for 24 h increased the mitochondrial fragmented phenotype (Eggelbusch et al., 2022). In mice, intraperitoneal injection of LPS twice a week for 5 weeks induced a mitochondrial fragmented phenotype in the cardiac muscle and lower Opa1 and Mfn1 protein expression (Wu et al., 2018). In line with this, we found a positive correlation between TLR4 protein expression in skeletal muscle and the mitochondrial fragmented phenotype. Interestingly, we found that higher TLR4 protein expression was associated with lower Opa1 protein expression in human SkM, as was found in murine cardiomyocytes treated with LPS (Wu et al., 2018). Opa1 is a pro-fusion mitochondrial protein and plays a role in mitochondrial cristae morphology (Cartes-Saavedra et al., 2023). Therefore, Opa1 might mediate TLR4-induced inflammation to regulate mitochondrial fusion and mitochondrial cristae. Finally, TLR4 protein expression was negatively correlated with OXPHOS (CII, CIII and CV) protein expression. This suggests that TLR4 could regulate the oxidative capacity in human SkM through the regulation of mitochondrial morphology. Regarding the mechanism by which the activation of TLR4 by LPS regulates Opa1 and OXPHOS, it has recently been shown in renal tubular epithelial cells that LPS decreased deacetylation of i-AAA protease (YME1L1), an upstream regulatory molecule of OPA1 (Jian et al., 2023). Therefore, we speculate that chronic low-grade inflammation in young subjects could decrease the OPA1 protein expression through YMEIL1. The chronic low-grade inflammation-induced decrease in Opa1 may be an initial step in the development of metabolic alterations in the SkM of young subjects, but this requires further investigation. Another potential mediator of LPS-induced changes in mitochondrial structure alterations in SkM is sarcopilin, however, more studies are needed to confirm this (Bal et al., 2021).
In SkM, mitochondrial cristae density is associated with metabolic capacity in humans (Castro-Sepulveda et al., 2023) and thermogenesis in mice (Bal et al., 2017). However, it is not fully understood how mitochondrial cristae density or architecture is regulated. A potential regulator is inflammation, as we showed that COVID-19 patients with severe infection, characterized by higher systemic inflammation, had a lower mononuclear cell mitochondrial cristae density (Castro-Sepulveda et al., 2022). Our study in human myotubes is the first to evaluate the effects of LPS on mitochondrial cristae architecture. Our results showed that LPS treatment induced abnormal mitochondrial cristae, mitochondrial nanotunnels, and reduced mitochondrial cristae density, which was reversed upon LPS co-treatment with TAK242. Mitochondrial nanotunnels were previously described in human SkM myopathy (Vincent et al., 2016), and inflammation is one of the characteristics of myopathies. Emerging evidence suggests that mitochondrial nanotunnels are generated by immobilized mitochondria (Vincent et al., 2017). One could hypothesize that TLR4-induced inflammation could immobilize mitochondria, but this must be investigated and confirmed in future studies. Calcium release from the endoplasmic reticulum and shuttle to mitochondria could contribute to the regulation of mitochondrial cristae by TLR4 (Swalsingh et al., 2022). In summary, our results show that LPS induced a mitochondrial fragmented phenotype and induced alterations in mitochondrial cristae, which was reversed upon LPS co-treatment with TAK242 in human myotubes.
Cultured human myotubes from T2DM patients maintain the same phenotype characteristics as the donor with diabetes, such as the inflammatory state (Gaster et al., 2002; Hansen et al., 2004). Hence, we evaluated the effects of TAK242 on mitochondrial morphology and cristae, and insulin resistance in myotubes from T2DM patients. Our study is the first to evaluate mitochondrial morphology and mitochondrial cristae in human T2DM myotubes. T2DM human myotubes had a fragmented mitochondrial phenotype, and abnormal mitochondrial cristae structure, which was partially rescued upon TAK242 treatment. Our study in T2DM myotubes confirmed the role of TLR4 and inflammation in the regulation of mitochondrial morphology and mitochondrial cristae architecture. Indeed, the treatment with TAK242, a specific inhibitor of TLR4 with anti-inflammatory effect, restored the mitochondrial morphology and partially the architecture of the mitochondrial cristae in T2DM myotubes. Interestingly, the reduced insulin-stimulated glucose uptake in T2DM vs. control myotubes was restored as well after TAK242 treatment, together with the restoration of the connected mitochondrial phenotype. A previous study in human myotubes from healthy subjects showed that LPS treatment for 12 h reduced insulin-stimulated glucose uptake (Liang et al., 2013). With respect to the role of mitochondrial morphology in insulin resistance, it has previously been found that both genetic and pharmacological inhibition of mitochondrial fission restored insulin-stimulated glucose uptake in several models of insulin resistance such as lipotoxicity in C2C12, high-fat diet in mice and myotubes from humans with insulin resistance (Jheng et al., 2012; Kugler et al., 2021). Finally, the activation of TLR4 might reduce insulin-stimulated glucose uptake by dysregulation of mitochondrial morphology in primary cardiomyocytes from rats (Parra et al., 2014), which our results confirm in human myotubes. Together those results strongly suggest that activation of the TLR4 pathway induces a mitochondrial fragmented phenotype, which decreases insulin sensitivity.
We based the choice of the concentration and duration for LPS and TAK242 on a previous study in a cardiomyocyte cell line using a concentration of 10 µg LPS·ml-1 and a duration of incubation of 24 h, conditions that were able to induce a fragmented mitochondrial phenotype (Wu et al., 2018). In a recent study in C2C12 myotubes, lower LPS concentrations together with a shorter incubation duration (100 ng LPS·ml-1 for 2 h) induced a fragmented mitochondrial phenotype as well (Eggelbusch et al., 2022). Finally, in human myotubes, incubation of 50 pg LPS·ml-1 and 500 ng·ml-1 for 2, 6, 12, and 24 h all induced a similar decrease in fatty acid oxidation (Frisard et al., 2010). Altogether, those results suggest that a wide range of LPS concentrations have similar effects on muscle metabolism in vitro. For TAK242 concentrations, it seems that a consensus has been reached in the literature for using 1 µM as it is consistently efficient at reducing the harmful effects of LPS or other toxins in vitro and in vivo (Takashima et al., 2009; Ono and Sakamoto, 2017; Ono et al., 2020).
In conclusion, mitochondrial morphology and mitochondrial cristae seem to be regulated by the TLR4 pathway in human SkM. Those mitochondrial alterations might potentially contribute to insulin resistance in the SkM of patients with T2DM. Both the TLR4 pathway and downstream mitochondrial alterations could therefore be of potential interest in the development of pharmacological treatments against insulin resistance.
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Doxorubicin (DOX) is an extensively used chemotherapeutic agent that can cause severe and frequent cardiotoxicity, which limits its clinical application. Although there have been extensive researches on the cardiotoxicity caused by DOX, there is still a lack of effective treatment. It is necessary to understand the molecular mechanism of DOX-induced cardiotoxicity and search for new therapeutic targets which do not sacrifice their anticancer effects. Mitochondria are considered to be the main target of cardiotoxicity caused by DOX. The imbalance of mitochondrial dynamics characterized by increased mitochondrial fission and inhibited mitochondrial fusion is often reported in DOX-induced cardiotoxicity, which can result in excessive ROS production, energy metabolism disorders, cell apoptosis, and various other problems. Also, mitochondrial dynamics disorder is related to tumorigenesis. Surprisingly, recent studies show that targeting mitochondrial dynamics proteins such as DRP1 and MFN2 can not only defend against DOX-induced cardiotoxicity but also enhance or not impair the anticancer effect. Herein, we summarize mitochondrial dynamics disorder in DOX-induced cardiac injury. Furthermore, we provide an overview of current pharmacological and non-pharmacological interventions targeting proteins involved in mitochondrial dynamics to alleviate cardiac damage caused by DOX.
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1 INTRODUCTION
Due to population growth and improvements in the early identification and treatment of cancers, the number of cancer survivors is increasing, but the survivors often encounter adverse cardiovascular events linked to their cancer therapy or as a result of the worsening of underlying cardiovascular disease (Curigliano et al., 2016), such as arrhythmia, treatment-induced hypertension, thromboembolic ischemia, or heart failure (Narezkina and Nasim, 2019).
It is well established that anthracyclines are usually highly efficacious in the treatment of solid tumors and hematological malignancies but may cause cardiac damage, usually irreversible, which can affect prognosis (Felker et al., 2000; Octavia et al., 2012; Mitry and Edwards, 2016). Doxorubicin (DOX), an antibiotic anthracycline, is frequently used in the treatment of various cancers, including breast cancer, leukemia, and pediatric cancer. There have been documented cases of heart failure that were shown to be closely related to cumulative DOX dosing. When a cumulative lifetime dose of DOX reached 400 mg/m2, congestive heart failure was 5% more likely to occur, and heart failure had a 48% probability of occurring at 700 mg/m2 (Swain et al., 2003). It is because of its tendency to cause severe cardiotoxicity that the use of DOX in the treatment of cancer is limited.
To date, several processes have been proposed as potential causes of DOX cardiotoxicity, including DNA damage, mitochondrial dysfunction, oxidative stress, and various types of cell death such as apoptosis (Zhang et al., 2012; Kalyanaraman, 2020; Wallace et al., 2020; Wu et al., 2022a). But effective targeted treatments for DOX cardiotoxicity are still insufficient. Given that cardiac mitochondrial damage is predicted to occur within a few hours after DOX administration (Renu et al., 2018), abnormality of mitochondrial morphology and dysfunction are drawing increasing attention. And amounts of studies demonstrate that the imbalance of mitochondrial dynamics tends to enhance mitochondrial fission and weaken mitochondrial fusion underlying DOX treatment in cardiomyocytes and hearts. Now, a thorough report on the role of mitochondrial dynamics proteins in cardiomyocytes countering DOX treatment is showed in this paper, and the pharmacological and non-pharmacological interventions targeting impaired mitochondrial dynamics is presented. This information can aid in the development of additional cardioprotective measures.
2 CURRENT MECHANISMS OF DOX-INDUCED CARDIOTOXICITY: OXIDATIVE STRESS AND DNA DAMAGE
Mitochondria are a major cellular target of DOX. It has been previously demonstrated that mitochondrial damage is strongly linked to DOX-induced cardiotoxicity (Wallace et al., 2020; Schirone et al., 2022). By accumulation in mitochondria of cardiomyocytes, DOX increase ROS production and decrease energy production, causing cell apoptosis (Songbo et al., 2019). Excessive accumulation of intracellular ROS is associated with the modification of mitochondrial dynamics, which play an important role in maintaining mitochondrial function and mediating mitophagy (Songbo et al., 2019). It is widely accepted that the generation of reactive oxygen species (ROS) via redox cycling is a significant source of dose-dependent cardiotoxicity caused by DOX (Varga et al., 2015; Mitry and Edwards, 2016). Anthracyclines can be converted into semiquinone doxorubicin (SQ-DOX), which is catalyzed by nicotinamide adenine dinucleotide phosphate oxidase and nitric oxide synthases in the cytoplasm (Songbo et al., 2019). Due to its unstable structural properties and a high affinity between DOX and cardiolipin at the inner mitochondrial membrane, SQ-DOX can be easily oxidized in the mitochondria, causing the release and accumulation of ROS (Songbo et al., 2019). Excessive ROS production can cause various types of cellular damage and, eventually, cell death. Because the cardiomyocytes have a higher concentration of mitochondria and the heart has lower levels of antioxidant enzymes such as superoxide dismutase (SOD) than other organs, it makes sense that the heart is more susceptible to damage by anthracycline-induced ROS generation (Songbo et al., 2019). Excessive amounts of ROS can cause the opening of mitochondrial permeability transition pores (mPTP) and lead to irreversible loss of mitochondrial membrane potential (MMP), causing mitochondrial damage and cell death (Zorov et al., 2000). Therefore, previous studies initially used antioxidants to combat the cardiotoxicity of anthracyclines. However, the cardioprotective effects of the antioxidants did not result in therapeutic advantages in avoiding or repairing myocardial dysfunction and heart failure in DOX-treated patients (Broeyer et al., 2014; Yeh and Chang, 2016).
Topoisomerase II (Top2), found in eukaryotic cells, is involved in DNA metabolism. This enzyme plays crucial roles in chromosome organization and segregation to support cell growth by unwinding, unknotting, and untangling genetic material by creating momentary double-stranded breaks in DNA (McClendon and Osheroff, 2007). There are two forms of topoisomerase II (Top2): Top2α and Top2β. TOP2α, undetectable in adult cardiomyocytes, is overexpressed in tumor cells, and DOX exerts cytotoxicity in tumor cells by forming Top2α-DOX-DNA complex, responsible for DNA breakage and tumor cell death (Kalyanaraman, 2020). Unexpectedly, TOP2β in adult cardiomyocytes is also a target of DOX, resulting in a Top2β-DOX-DNA ternary complex that causes DNA breakage, cell death and damages in the heart eventually. So, Top2β in cardiomyocytes is also thought to mediate DOX-induced cardiotoxicity (Kalyanaraman, 2020). By the cardiomyocyte-specific deletion of Top2β (encoding Top2β), progressive heart failure caused by DOX can be prevented (Zhang et al., 2012). In addition, during DOX exposure, iron metabolism may be directly disrupted by the interruption of key iron-binding and transporter proteins, resulting in iron accumulation in the mitochondria and ferroptosis, which is a type of iron-dependent programmed cell death (Huang et al., 2022). Several previous studies have demonstrated that DOX-induced mitochondrial iron overload and subsequent mitochondria-dependent ferroptosis are major contributing factors in the cardiotoxicity of anthracyclines (Quagliariello et al., 2021; Shan et al., 2021; Huang et al., 2022). Further investigation is warranted to investigate whether ferroptosis inhibitors can be used as cardiac protectors against anthracycline cardiotoxicity. At present, dexrazoxane (DEX) is the only drug recognized by the FDA as being effective in preventing cardiomyopathy and heart failure brought on by anthracycline anticancer drugs (Zamorano et al., 2017). DEX prevents cardiac Top2β from binding to DOX, thus avoiding the formation of DNA double-strand breaks that can result from anthracycline-TOP2β-DNA cleavage complex (Deng et al., 2014; Bures et al., 2017; Corremans et al., 2019; Hasinoff et al., 2020). Also, DEX acts as an iron chelator, alleviating iron accumulation in mitochondria and subsequent ferroptosis (Xu et al., 2005; Hasinoff et al., 2020). However, it can unexpectedly bind to Top2α, which can result in a disruption of the form of Top2α-DOX-DNA, and thus DEX can reduce the anticancer effect of DOX and even increase the risk of secondary malignancies (Tebbi et al., 2007; Vejpongsa and Yeh, 2014).
Recent studies have demonstrated increased mitochondrial fission and inhibited fusion in cardiomyocytes under DOX treatment, resulting in mitochondrial morphological abnormality and dysfunction, accompanied by excessive ROS production, energy metabolism disorders, cell apoptosis, and cardiac dysfunction (Carvalho et al., 2014; Catanzaro et al., 2019; Huang et al., 2022). What’s more, some compounds have been proven to reduce DOX cardiotoxicity by rebalancing mitochondrial fission and fusion (Osataphan et al., 2020; Wu et al., 2022b), implying the regulation of mitochondrial dynamics imbalance may serve as a potent therapeutic strategy for the reduction of DOX-induced cardiotoxicity.
3 MITOCHONDRIAL DYNAMICS
3.1 Mechanics of mitochondrial dynamics
Composed of an inner membrane (IMM) and an outer membrane (OMM) which constantly undergo fusion and fission process, mitochondrial dynamics are finely regulated by a class of dynamin superfamilies known as big GTPases, which are recognized for their capacity to self-assemble and hydrolyze GTP and for their intracellular membrane remodeling activities (Antonny et al., 2016). For example, mitochondrial fission is mainly mediated by a 100 kDa GTPase called dynamin-related protein 1 (DRP1) (Antonny et al., 2016), while mitochondrial fusion is regulated by several specific GTPases, including mitofusin1 (MFN1), mitofusin2 (MFN2) and optic atrophy 1 (OPA1) (Chan, 2020; Giacomello et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | The mechanics of mitochondrial fission and fusion. Schematic representation of mitochondrial fusion and fission machinery and related cell function. (A) Mitochondrial dynamics-associated key mediators including pro-fission proteins (DRP1, FIS1, MFF, MiD49, MiD51, and MTF18) and pro-fusion proteins (MFN1, MFN2, and OPA1). (B) Mitochondrial fission is mainly regulated by the key player DRP1, OMM receptors (MFF, MiD49, MiD51 and FIS1), which are responsible for the recruitment of DRP1 from the cytosol to mitochondria. And ER wraps mitochondria and identifies the fission site, where DRP1 oligomerizes and induces mem-brane constriction. (C) Mitochondrial fusion relies on MFN1 and MFN2 located on the OMM to tether the OMMs of mitochondria, and on OPA1 to mediate fusion of IMM. (D) Mitochondrial fate is regulated by fission and fusion to adapt mitochondrial morphology to different stresses. Fission constricts and severs one mitochondrion to daughter mitochondria for cell division or fragmented mitochondria for removal by mitophagy and renewal by fusion into an elongated organelle.
Specifically, mitochondrial fission is the constriction and severance of one mitochondrion to produce fragmented organelles, while mitochondrial fusion is the merging of two or more mitochondria, creating an elongated organelle. The function of mitochondrial fission is to produce two or more daughter mitochondria or mitochondrial fragmentations, which can often be distinguished by varying membrane potentials (Tilokani et al., 2018). In fact, during the mitochondrial life cycle, mitochondrial biogenesis is triggered, causing the formation of new mitochondria, and the mitophagy process occurs, causing the removal of dysfunctional mitochondria or mitochondrial fragmentations generated by mitochondrial fission (Kleele et al., 2021). Fusion is the process by which mitochondria merge to generate a larger organelle, with the fused mitochondria sharing matrix components such as mitochondrial DNA (mtDNA), lipids, proteins, metabolites, and ions (Tilokani et al., 2018). The distribution and integrity of the mitochondria are preserved by these dynamic morphological changes, thereby maintaining function in order to produce sufficient energy and coordinate cellular biological processes, such as calcium homeostasis, redox equilibrium, and apoptosis, in order to achieve cell homeostasis during physiological changes and resist metabolic and environmental stresses (Giacomello et al., 2020).
3.1.1 Mitochondrial fission
The mitochondrial fission process is regulated by various fission factors, including DRP1, mitochondrial fission 1 protein (FIS1), mitochondrial fission factor (MFF), and mitochondrial dynamics proteins 49 kDa and 51 kDa (known as MiD49 and MiD51). In fact, when DRP1 is recruited into the OMM, endoplasmic reticulum (ER) moves toward the mitochondrial periphery and encircles the mitochondria, causing them to tighten (Kraus and Ryan, 2017). In this stage, the diameter of the mitochondrion is decreased from 300–500 nm–150 nm, which causes the development of DRP1–oligo rings (Kamerkar et al., 2018).
As the main mediator of mitochondrial fission, the DRP1 protein has a GTPase effector domain (GED) that is necessary for the conformational changes in DRP1 helices and their constrictive functions in the OMM (Frohlich et al., 2013). Located in cytosol, DRP1 is recruited by receptors to the OMM and induces membrane constriction through oligomerization, forming a ring structure. Because DRP1 lacks a domain that directly binds to phospholipids in the membrane, its recruitment to the outer membrane at sites of contact with ER requires mitochondrial receptors, including the MID49, MID51, and MFF (Loson et al., 2013; Kalia et al., 2018) receptors. When mitochondrial dysfunction and the intracellular AMP/ATP ratio increase, MiD49 and MiD51 recruit DRP1 to the outer membrane, thus promoting DRP1 oligomerization, and MFF specifically recruits DRP1 oligomers with active forms (Kalia et al., 2018). During fission, the enzyme activity of DRP1 is as important as its expression level. The activity of DRP1 is primarily regulated by serine phosphorylation. Phosphorylation at the serine 616 site enhances the activity of DRP1 to promote mitochondrial fission, while phosphorylation at the serine 637 site decreases DRP1 enzyme activity as well as mitochondrial translocation. The phosphorylation ratio between the serine 616 site and the 637 site determines the activity of DRP1 (Chang and Blackstone, 2007; Cribbs and Strack, 2007; Taguchi et al., 2007). DRP1 activity is also post-translationally modified by S-nitrosylation (Lee and Kim, 2018), SUMOylation (Yamada et al., 2021), O-GlcNAcylation (Park et al., 2021), and ubiquitination (Wang et al., 2011; Jin et al., 2021).
FIS1, on the mitochondrial OMM, mediates the translocation of DRP1 from the cytoplasm to the OMM (Macdonald et al., 2014). DRP1 gathers at the mitochondrial division site, forming a lock-lock structure and is then combined with FIS1 to form a complex. The distance and angle between molecules are changed by hydrolysis of GTP and gradually compressed until the mitochondrion transforms into two separate mitochondria. When mitochondrial division is complete, DRP1 is phosphorylated and exfoliates into the cytoplasm (Macdonald et al., 2014). However, FIS1 has recently been implicated in the induction of mitochondrial fragmentation even in the absence of DRP1, a newly discovered function that prevents the fusion process by inhibiting the GTPase activity of MFN1/2 and OPA1 (Yu et al., 2019). Accordingly, by lowering FIS1’s interaction with MFN1/2 and OPA1, the overexpression of MID49 and MID51 has been demonstrated to encourage fission in a DRP1-independent manner (Yu et al., 2021).
In addition, a novel mitochondrial inner membrane protein, mitochondrial fission protein 1 (MTFP1), also known as MTP18, has been discovered to be essential for maintaining mitochondrial integrity, and has consequently been implicated in the regulation of mitochondrial fragmentation in cardiac myocytes and cancer cells (Tondera et al., 2005; Aung et al., 2017). According to Tondera, when MTP18 was overexpressed in COS-7 cells transfected with MTP18-myc expression construct, the shape of the mitochondria changed from filamentous to punctate structures, indicating excessive mitochondrial fragmentation (Tondera et al., 2005). Additionally, RNA interference induced loss of endogenous MTP18 function leads to an increase in fused mitochondria. Furthermore, MTP18 appears to be necessary for mitochondrial fission as it is prevented in cells that have had MTP18 knocked down by RNA interference despite the overexpression of FIS1 (Tondera et al., 2005). And in HL-1 cardiac myocytes, the MTP18 expression was upregulated upon DOX treatment, according to Aung. But knockdown of MTP18 prevented cardiac myocytes from excessive mitochondrial fission by alleviating the DRP1 translocation to the mitochondria and accumulation in the mitochondria, which improved cell apoptosis (Aung et al., 2017). Consistent with the above, it was also found an aberrant overexpression of MTP18 in hepatocellular carcinoma (HCC) cell lines and tumor tissues, and MTP18 promoted tumor growth and metastasis by inducing the progression of cell cycle, epithelial to mesenchymal transition (EMT) and production of MMP9 and suppressing cell apoptosis, which was involved in increased mitochondrial fission and subsequent ROS production (Zhang et al., 2018b).
3.1.2 Mitochondrial fusion
As mitochondria is composed of OMM and IMM, mitochondrial fusion requires two steps. First, the process is initialized by OMM fusion, which is carried out by MFN1 and MFN2. After conformational activation, MFNs from nearby mitochondria oligomerize to form homotypic (MFN1-MFN1 or MFN2-MFN2) or heterotypic (MFN1-MFN2) complexes, which subsequently aid in tethering the OMMs of nearby mitochondria (Rojo et al., 2002; Chen et al., 2003). The GTPase domain on MFN1/2 regulates the outer membranes of the mitochondria to fuse (Chen et al., 2003). MFN1 and MFN2 are highly homologous, but have different hydrolytic activity and fusion efficiency. MFN1 demonstrates stronger hydrolytic activity and pro-fusion efficiency. MFN2 plays a greater role in the formation of the fusion network between mitochondria and ER, as well as in regulating Ca2+ homeostasis (Inagaki et al., 2023).
Following OMM fusion, OPA1, located in the IMM, has been proven to be necessary for IMM fusion (Cipolat et al., 2004). In order to mediate the fusion of the IMM, OPA1 creates homotypic (OPA1-OPA1) and heterotypic (OPA1-cardiolipin) complexes after the OMM fuses (Frezza et al., 2006; Yu et al., 2020). Under the control of two mitochondrial metalloproteinases (OMA1 and Yme1L), it can produce short soluble fragments (Wai et al., 2015). OPA1 is divided into at least five fragments, of which the two forms with the highest molecular weight are called L-OPA1, and the other three S-OPA1. In contrast to S-OPA1, which is found in the cristae (pleomorphic invaginations of IMM) of the intermembrane space (IMS), L-OPA1 is fixed on the IMM. Also, OPA1 has been shown to play a role in the modification of the cristae during apoptosis as well as the release of cytochrome c from the cristae (Frezza et al., 2006).
The fission or fusion process is also regulated by interactions between fission proteins and fusion proteins. For example, without DRP1, FIS1 hinders fusion by directly controlling the GTPase activity of MFN1/2 and OPA1 and reducing their interaction with FIS1. Also, it has been demonstrated that overexpression of MID49 and MID51 increases fusion in a DRP1-independent way (Yu et al., 2019; Yu et al., 2021). Therefore, further research is merited in order to determine if fusion and fission function separately and in opposition to each other or whether they work in harmony to modify mitochondrial morphology.
3.2 Mitochondrial dynamics and cell function
Changes in mitochondrial morphology are related to key cellular functions, including ROS and Ca2+ signaling, energy metabolism, apoptosis, autophagy/mitophagy, inflammation, senescence, and various others (Lee et al., 2004; Yu et al., 2006; Hom et al., 2010; Giacomello et al., 2020). Here, energy metabolism, mitophagy, and cell apoptosis are discussed.
It has been proven that mitochondrial fission is the basis of apoptosis. Pro-apoptotic pore-forming proteins BAX and BAK promote the stabilization of DRP1 at the fission site, leading to mitochondrial fission and network disruption. The above-mentioned changes are accompanied by a transfer of Ca2+ signals from the ER to the mitochondria and increased release of cytochrome c, which leads to mitochondrial apoptosis (Wasiak et al., 2007; Prudent et al., 2015). Also, the inhibition of mitochondrial fusion is involved in the process of apoptosis. For example, non-oligomerized MFN1 contributes to promoting BAK oligomerization, which in turn promotes mitochondrial permeability during apoptosis (Ferreira et al., 2019). In addition, OPA1-dependent cristae remodeling is required for the effective release of cytochrome c (Campanella et al., 2008; Landes et al., 2010), and permeability transition pore opening with Ca2+ overload in mitochondria contributes to mitochondrial osmotic expansion and cristae dilatation (Bernardi et al., 2015; Prudent et al., 2015).
Mitochondrial dynamics also play an important role in the control of energy metabolism. The IMM is one of the primary sites of oxidative phosphorylation (OXPHOS), and OPA1 overexpression is conducive to the assembly and stabilization of mitochondrial respiratory chain complexes that produce energy (Cogliati et al., 2013). Loss of OPA1 results in mitochondrial malfunction, reduced oxidative phosphorylation and ATP generation, faulty mitochondrial Ca2+ signaling, and pro-apoptotic effects (Kushnareva et al., 2013). YME1L and OMA1, specific OPA1-targeting proteases that can cleaved OPA1, increase mitochondrial ATP function leading to enhanced fusion (Mishra and Chan, 2016). And by controlling MFN2 expression, PGC-1 modifies mitochondrial shape, oxygen consumption, and membrane potential, illuminating an intriguing connection between mitochondrial dynamics and biogenesis (Peng et al., 2017). Mitochondrial fission is also related to the energy state of the cell. As a receptor of cell energy, AMPK can directly phosphorylate MFF (one of the OMM receptors of DRP1) during mitochondrial respiratory suppression, promote mitochondrial fission, and then clear damaged mitochondria through autophagy or eventually induce apoptosis (Toyama et al., 2016). PKA also phosphorylates DRP1 at Ser637 during starvation, promoting unwanted mitochondrial fusion, thereby avoiding autophagy and promoting cell survival (Gomes et al., 2011; Rambold et al., 2011).
As we know, mitophagy is an indispensable process, removing damaged or senescent mitochondria in order to maintain mitochondrial function and cell homeostasis, and the fission event is required for mitophagy (Li et al., 2022). Classically, mitophagy is performed in the parkin-dependent mechanism. The phosphatase and tensin homologue (PTEN)-induced kinase 1 (PINK1) accumulates on the OMM and recruits Parkin and promotes its translocation into the mitochondria (Yin et al., 2018). And then, Parkin ubiquitinates several targets such as MFN1, which marks defective mitochondria, and that is a trigger signal for the mitophagy process (Ziviani et al., 2010; Sarraf et al., 2013). Parkin ubiquitinates MFN2, thus affecting ER-mitochondrial binding, as well as mitochondrial dynamics and mitophagy (Sugiura et al., 2013). The resulting action on mitophagy adaptors p62/sequestosome 1/LC3 (microtubule-associated protein 1 light chain 3) facilitates the absorption of damaged mitochondria into autophagosomes and the ensuing autolysosomal digesting (Yamada et al., 2019).
4 MITOCHONDRIAL DYNAMICS DISORDER IN DOX-INDUCED CARDIAC INJURY
Cardiomyocyte, which contains up to 6000 mitochondria and fills 30%–40% of the cell’s volume, is one of the highest ATP-consuming cell types, in which mitochondria are largely found under the serosa, around the nucleus, and between the sarcomeres, allowing them to continually supply energy for cardiac contraction (Cao and Zheng, 2019). Due to their heavy reliance on energy production, cardiomyocytes are particularly susceptible to harmful substances that can affect the mitochondria (Varga et al., 2015). Impairment of mitochondrial dynamics has been observed in many cases of heart disease, including cardiac hypertrophy, heart failure, ischemia/reperfusion (I/R) damage, atherosclerosis (Cao and Zheng, 2019), and metabolic and genetic cardiomyopathies, as well as DOX-induced cardiomyopathy (Osataphan et al., 2020). Under circumstances of stress or disease, cardiac mitochondria undergo structural alterations, mitochondrial dysfunction, cell apoptosis, and various other changes (Li et al., 2020a).
DOX-stimulated cardiomyocytes display mitochondrial structural abnormalities (such as mitochondrial fragmentation, cristae loss, and matrix destruction), which increase the production of ROS, decrease the MMP, increase the opening of mPTP, disrupt energy metabolism, overburden mitophagy, and cause mitochondrial dysfunction, which results in cardiomyocyte apoptosis (Varga et al., 2015; Wallace et al., 2020). Eventually, dilated cardiomyopathy, heart failure, and ultimately death are possible outcomes of DOX exposure. It is therefore evident that abnormalities in mitochondrial dynamics, characterized by an increase in mitochondrial fission and a decrease in mitochondrial fusion, are the most prominent causes of DOX-induced myocardial injury. For DOX-induced dysregulated mitochondrial dynamics, a number of regulatory mechanics have been proposed, such as changes in the protein expression level of key proteins, post-translational modification and enzyme activity, the process of protein oligomerization, and various possible interactions between these proteins (Figure 2).
[image: Figure 2]FIGURE 2 | Mitochondrial Dynamics Disorders in doxorubicin (DOX)-induced Cardiac Injury. By controlling proteins involved in mitochondrial fission and fusion, DOX treatment tilts the mitochondrial dynamic balance toward fission, resulting in abnormal mitochondrial structure that ultimately causes oxidative stress, mitochondrial dysfunction, impaired auto/mitophagy, cardiomyocyte apoptosis and cardiac injury.
4.1 Disorders of mitochondrial fission proteins
Previous studies have demonstrated that patients with dilated cardiomyopathy (DCM) have higher levels of DRP1 expression and ser 616 phosphorylation, and that DRP1 may also have a role in mediating mitochondrial fission in Dox-induced cardiotoxicity (Catanzaro et al., 2019). In fact, according to numerous preclinical studies in vitro and in vivo, DRP1 inhibition had a cardioprotective effect, countering cardiotoxicity caused by DOX. Using siRNA to silence DRP1, mitochondrial fission was inhibited while mitochondrial fusion was increased (Lee et al., 2004). In a DOX-treated H9c2 cardiomyocytes model, excess mitochondrial fission was observed, which was reversed by siRNA-mediated DRP1 knockout (Catanzaro et al., 2019). It was also demonstrated that a DRP1 heterozygous deletion in mice protected against DOX-induced cardiotoxicity, indicating the role of DRP1-dependent mitochondrial dysfunction in DOX-induced cardiotoxicity (Catanzaro et al., 2019). So it was in neonatal rat cardiomyocytes exposed to DOX (Wang et al., 2015).
In response to cellular stress, the phosphorylation of DRP1 at Ser616 increased mitochondrial fission, while the phosphorylation of Ser637 reduced both the enzyme activity of DRP1 and its translocation to mitochondria (Tsushima et al., 2018). Moreover, treatment with DOX in mouse hearts increased Ser616 phosphorylation of DRP1, thus promoting mitochondrial fission (Xia et al., 2017; Miyoshi et al., 2022), which was improved by the administration of LCZ696, a novel angiotensin receptor neprilysin inhibitor (Miyoshi et al., 2022). Also, the inhibition of miR-23a diminished Ser616 phosphorylation of DRP1 and attenuated cardiomyocyte damage caused after DOX administration by directly targeting PGC-1α/p-DRP1 (Du et al., 2019).
It was reported by Aung et al. that MTP18, another mitochondrial fission-associated protein, participated in DOX-induced cardiotoxicity through pro-mitochondrial fission and pro-apoptotic actions (Aung et al., 2017). In HL-1 cardiac myocytes, DOX upregulated the MTP18 expression, and knockdown of MTP18 prevented cardiac myocytes from excessive mitochondrial fission by interfering with the DRP1 translocation to the mitochondria and accumulation in the mitochondria, leading to improved apoptosis (Aung et al., 2017). On the other hand, an inadequate amount of DOX may cause a considerable proportion of cells to suffer mitochondrial fission and death when MTP18 is overexpressed (Aung et al., 2017).
Also, the recruitment of DRP1 to the mitochondrial OMM can be directly mediated by MiD49 (encoded by gene mitochondrial elongation factor 2, MIEF2). Accordingly, knockdown of MIEF2 reduced its association with DRP1, and thus enhanced mitochondrial fusion (Palmer et al., 2011), suggesting that MIEF2 plays a vital role in regulating mitochondrial morphology. Foxo3a, a transcription factor encoded by gene forkhead box O3A, belonging to the Forkhead family, regulates DNA repair, carcinogenesis, cell differentiation, and oxidative stress (Accili and Arden, 2004). When encountering DOX, Foxo3a was downregulated in cardiomyocytes, and cardio-specific Foxo3a transgenic mice showed a reduction of mitochondrial fission, prevention of cardiomyocyte apoptosis, and reversal of cardiac dysfunction according to a study by Luyu Zhou et al. (Zhou et al., 2017). Mechanically, Foxo3a directly targeted MIEF2, and inhibited its expression at the transcriptional and translational levels. MIEF2 and Foxo3a show potential as interesting therapeutic targets that can improve both cancer therapy and cardio-protection.
4.2 Disorders of mitochondrial fusion proteins
In addition to the enhancement of mitochondrial fission during DOX treatment, it has been observed that mitochondrial fusion is inhibited, resulting in cardiotoxicity. And the restoration of mitochondrial fusion proteins and the fusion process may help alleviate DOX-induced mitochondrial dysfunction and myocardial injury.
In primary rat cardiomyocytes induced by DOX, it was noted that the expression of MFN2 decreased, leading to decreased fusion and increased ROS generation and cell apoptosis (Tang et al., 2017). In addition, overexpression of MFN2 by transfection of cardiomyocytes with MFN2 CRISPR activation plasmid restored mitochondrial fusion and cell apoptosis (Tang et al., 2017). Furthermore, a recent study conducted by Ding found that MFN2 overexpression promoted mitochondrial fusion and prevented oxidative stress, apoptosis, and cardiac dysfunction caused by DOX (Ding et al., 2022a). DOX exposure led to upregulation of FoxO1 (encoded by gene forkhead box O1), which belongs to the Forkhead family of transcription factors and acts as a key regulator of myocardial homeostasis, thus negatively regulating MFN2 transcription (Ding et al., 2022a). And FoxO1 RNAi dramatically boosted MFN2 mRNA and protein expression, restoring mitochondrial fusion and cell apoptosis (Ding et al., 2022a). Furthermore, treatment with Paeonal, a phenol derived from plants, by activating Stat3, a transcription factor which directly binds to the promoter of MFN2 and upregulates MFN2’s expression at the transcriptional level, enhanced MFN2-mediated mitochondrial fusion, protecting the heart from DOX-induced damage (Ding et al., 2022b).
Several previous studies have demonstrated that miRNA plays a role in regulating key mitochondrial fusion proteins. For example, miR-140 can suppress the expression of MFN1 by targeting the 3′- untranslated region (3′-UTR) and subsequently the knockdown of miR-140 attenuated mitochondrial fission and apoptosis caused by DOX treatment (Li et al., 2014).
It is well known that the cardio-protective inducible enzyme heme oxygenase-1 (HO-1) plays an important role in protecting against DOX induced cardiomyopathy in mice (Hull et al., 2016). While preventing the elevation of the mitochondrial fission mediator Fis1, HO-1 overexpression increased the expression of the fusion mediators MFN1 and MFN2. In summary, the targeting of mitochondrial dynamics proteins was one of the mechanics by which HO-1 played a positive role in cardio-protection against DOX.
In addition to MFN1/2, abnormal expression of OPA1 was also seen in DOX myocardial toxicity. By normalizing expression levels of mitochondrial fusion proteins MFN2, Opa1, and Fis1 (with no change in DRP1 expression), cyclosporine A maintained mitochondrial fusion and preserved mitochondrial function, thereby improving cardiac function and survival in acute and chronic models of cardio-toxicity induced by DOX (Marechal et al., 2011).
And OPA1 was hyperacetylated under stress conditions such as those caused by DOX, and this reduced the GTPase activity of OPA1 and inhibited mitochondrial fusion. A study conducted by Sadhana and co-researchers demonstrated that OPA1 was a direct target of SIRT3, a type of mammalian sirtuin located in mitochondria which deacetylates and modifies the enzymatic activities of several mitochondrial proteins (Bell and Guarente, 2011), and OPA1 can be deacetylated at lysine 926 and 931 residues by SIRT3 (Samant et al., 2014). That is, SIRT3-dependent activation of OPA1 can help protect the mitochondrial network of cardiomyocytes and prevent cell death from DOX.
In summary, numerous studies have demonstrated that exposure to DOX causes the upregulation of mitochondrial fission proteins such as DRP1 and the downregulation of the mitochondrial fusion proteins MFN1, MFN2 and Opa1, resulting in mitochondrial fragmentation and a damaged mitochondrial network. Further understanding of the mechanics of mitochondrial imbalance in DOX-induced cardiotoxicity will help confirm mitochondrial fusion and fission associated proteins as prospective therapeutic targets for reducing DOX-induced cardiotoxicity.
5 MITOCHONDRIAL DYNAMICS DISORDER IN CANCER
Numerous studies have revealed that the balance of mitochondrial dynamics affects cellular biochemical processes like apoptosis and metabolism. During tumorigenesis, mitochondrial dynamic imbalance is also frequently reported (Yin et al., 2022). It has been shown that mitochondrial fission enhancement mediated by upregulation of DRP1 and mitochondrial fusion attenuation mediated by downregulation of MFN2 are associated with multiple cancers and promote tumor cell metastasis and drug tolerance, thus tumor progression (Ma et al., 2020; Ding et al., 2022a). Compared with non-metastatic breast cancer cells, metastatic breast cancer cells have higher expression of DRP1 and lower expression of MFN1 (Zhao et al., 2013). Overexpression of Mfn-2, inhibition of Drp-1, or knockdown of Drp-1 can reduce the proliferation of cancer cells and induce increased apoptosis of tumor cells, thereby shrinking tumors in lung, breast, and colon cancer (Inoue-Yamauchi and Oda, 2012; Rehman et al., 2012; Zhao et al., 2013). The DRP1 inhibitor Mdivi-1 chemically sensitizes tumor cells to the cytotoxic effects of chemotherapeutic drugs by inhibiting mitochondrial fission, leading to the accumulation of defective mitochondria, and ultimately causing dose-dependent death of tumor cells (Courtois et al., 2021).
To date, targeting MFN2-mediated mitochondrial fusion has received increasing attention. Mitochondrial dynamics is constantly changing as energy demand. Unlike cardiomyocytes, whose energy is mainly derived from OXPHOS, tumor cells are infinitely proliferating, and even under normal oxygen conditions, their energy is mainly derived from aerobic glycolysis, supplying crucial metabolites for the biosynthetic requirements of prolonged cell growth as well as enough ATP for cancer cells, which is called the Warburg effect (Lunt and Vander Heiden, 2011). Mitochondrial fusion is often associated with the enhancement of OXPHOS in cardiomyocytes (Ding et al., 2022a), while the mitochondrial fission in tumor cells helps to inhibit OXPHOS and enhance aerobic glycolysis (Gao et al., 2020). According to recent research conducted by Ding and co-workers, promoting MFN2 mediated mitochondrial fusion induces a similar metabolic transition from glycolysis to OXPHOS in cardiomyocytes and tumor cells (Ding et al., 2022a), charactered by decrease in the oxygen consumption rate (OCR)-to-extracellular acidification rate (ECAR) ratio. Mechanically, DOX exposure significantly inhibits mitochondrial complex activity and several OXPHOS enzymes, and also inhibits aerobic glycolytic capacity and related glycolytic enzymes in cardiomyocytes and tumor cells, exhibiting greater effect on OXPHOS compared to glycolysis. Due to their different metabolic patterns, enhanced mitochondrial fusion promotes cardiomyocyte survival and induces tumor cell death. Moreover, overexpression of DRP1 promotes mitochondrial fission and significantly weakens the inhibitory effect of MFN2 on DOX-induced cardiac injury (Ding et al., 2022a). In summary, in-depth study of mitochondrial dynamics regulating cell metabolism will provide us with novel therapeutic strategies for alleviating tumor treatment-related cardiotoxicity without sacrificing anticancer effects (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic figure showing that promoting MFN2-mediated mitochondrial fusion induces a similar metabolic transition from glycolysis to OXPHOS in cardiomyocytes and tumor cells, alleviating DOX-induced cardiotoxicity while increasing tumor cell death.
6 MODULATING THE BALANCE OF MITOCHONDRIA DYNAMICS
Given that DOX impairs mitochondrial dynamics, alleviating mitochondrial fission activation and promoting fusion seem to be effective ways to reduce cardiac function disturbances caused by DOX treatment. Indeed, several studies have confirmed this through gene therapy, pharmacological approaches, and even drug compounds and herbal medicines used in combination in DOX administration (Figure 4). However, there is a need for further research into the application of mitochondrial-targeted agent candidates in clinical DOX cardiotoxicity prevention and treatment without changing the antitumor effect of DOX. Next, we provide an overview of current pharmacological and non-pharmacological interventions targeting mitochondrial dynamics proteins for cardiac damage caused by DOX (Table 1).
[image: Figure 4]FIGURE 4 | The mechanism of pharmacological strategies and exercise targeting mitochondrial dynamics proteins for DOX-induced cardiotoxicity. Inhibiting mitochondrial fission by targeting mitochondrial fission protein DRP1 mainly or promoting mitochondrial fusion by targeting mitochondrial fusion proteins like MFN1/2 and Opa1 via pharmacological and non-pharmacological strategies exerts cardioprotection against DOX.
TABLE 1 | An overview of current pharmacological and non-pharmacological interventions targeting mitochondrial dynamics proteins for cardiac damage caused by DOX.
[image: Table 1]6.1 Pharmacological strategies targeting mitochondrial dynamics disorders
Due to their potential as therapeutic strategies for the targeting of mitochondrial disorders, pharmacological strategies that directly regulate mitochondrial fission and fusion processes are being researched intently. According to Emmanouil (Zacharioudakis and Gavathiotis, 2023), based on advancements in uncovering structure-function correlations, protein-protein interaction of effector proteins and regulation mechanics, and development of pharmacological regulators, targeting fusion and fission associated proteins demonstrate a great therapeutic potential in, for example, cancer, cardiovascular disease, and neurological diseases by reversing the imbalanced mitochondrial dynamics in the onset and progression of these pathologies. Specially, the regulation of protein-protein interactions for oligomers formation of DRP1, OPA1, and MFN1/2, as well as the selective regulation of the effects of the OPA1, MFN1/2, and DRP1 GTPase domains, show great potential for the regulation of mitochondrial fusion and fission.
Mitochondrial Division Inhibitor (Mdivi-1), a quinazolinone derivative, selectively inhibits the main regulator of mitochondrial fission DRP1, making it the most effective inhibitor discovered during the chemical screening of mitochondrial division inhibitors (Cassidy-Stone et al., 2008). According to previous studies, Mdivi-1 reduced mitochondrial fission and can play a crucial role in ameliorating heart failure (Givvimani et al., 2012). Mdivi-1 has been shown to provide cytoprotection in DOX-induced cardiomyopathy in ex vivo experiments and in Langendorff perfused heart models by reducing ROS formation, lowering intracellular calcium overload, maintaining mitochondrial function, and avoiding cardiac myocyte hypercontractility (Gharanei et al., 2013). Mdivi-1 not only restored DOX-induced cardiac myocyte depolarization and decreased myocardial infarction size (Gharanei et al., 2013), but also affected the anticancer properties of DOX. A study in a rat model showed that DRP1 and p-DRP1 (Ser616) levels were significantly increased in tissues with mitochondrial damage, while expression levels of MFN1/2 and Opa1 were decreased in DOX-induced myocardial tissues (Xia et al., 2017). By preventing cardiac mitochondrial DRP1 accumulation and cytosolic p-DRP1 (Ser616) activation, Mdivi-1 provided strong protection against excessive mitochondrial fission and fragmentation caused by DOX in an in vivo environment, thus reversing changes in mitochondrial morphology and improving mitochondrial function (Xia et al., 2017).
There has been very little research into pharmacological regulators targeting mitochondrial fusion molecules. As a cell-permeable phenylhydrazone compound, M1 was the most effective compound in promoting mitochondrial fusion, according to earlier investigations utilizing different models of cardiac injury. Due to selective upregulation of fusion proteins like MFN1/2 and Opa1 (proteins required for mitochondrial fusion), the protective effects of M1 were demonstrated in models of MPP + or staurosporine-induced cytotoxicity, in diabetic cardiomyopathy hearts, and in cases of cardiac I/R damage (Maneechote et al., 2019). According to another study, M1 reestablished the development of the mitochondrial tubular network via the fragmented mitochondria in MFN1 knockout mice or MFN2 knockout mice (Wang et al., 2012). However, M1 treatment had no effect on the mitochondrial elongation activity of MFN1/2 double KO or Opa1 KO embryonic fibroblasts (MEFs) (Wang et al., 2012). This suggests that basal fusion activity is necessary for M1 to elongate mitochondria, as the formation of the mitochondrial network tubules require interaction with the mitochondrial fusion proteins (MFN1/2 and OPA1).
Treatment with M1 or the combination of Mdivi-1 with M1 may be able to protect the heart from the cardiotoxicity caused by DOX, however this is uncertain. In a study recently performed by Maneechote and his co-researchers, the effects of Mdivi-1, M1, and the combination treatment for cardiomyopathy using DOX-treated rats as a model were examined (Maneechote et al., 2022). The study illustrated for the first time that M1 was potent in preventing the cardiotoxic effects of DOX and encouraging mitochondrial fusion by upregulating MFN1/2 and Opa1. This indicates that Mdivi-1 and M1 may have some protective effects against the cardiotoxicity caused by DOX (Maneechote et al., 2022). The process relies on fission/fusion protein expression. Though reduced cardiomyocyte death and improved contractile properties have been achieved by Mdivi-1 and M1, there was no synergistic advantage from the combination of Mdivi-1 and M1 treatment. The effect of the fusion promoter and the fission inhibitor might coincide at this stage, where mitochondrial fission-mediated fragmentation acts as a downstream natural process. Hence, no great advantages were evident when either medication had already reached its peak effectiveness. It is noteworthy that neither Mdivi-1 nor M1 exhibited any negative effects on DOX’s anticancer activities in breast cancer cell lines. These results can provide some knowledge of the potential therapeutic role of mitochondrial dynamic regulation in DOX-induced cardiotoxicity without sacrificing the effectiveness of the treatment’s anti-cancer properties.
However, it is been found that Mdivi-1 also inhibits the activity of complex I, reducing mitochondrial respiration and increasing the production of ROS (Bordt et al., 2017). This unfavorable target effect may limit the clinical application of Mdivi-1. Also, because of in silico screens combined with structure-guided drug generation employing the DRP1 GTPase domain, Drpitor and its optimized variant Drpitor1a were found to be more effective and specific than Mdivi-1 in inhibiting DRP1’s GTPase activity (Wu et al., 2020; Zacharioudakis and Gavathiotis, 2023). Additionally, they improved cardioprotective properties against cardiac I/R injury while demonstrating anticancer actions by lowering cell proliferation and triggering lung cancer cell apoptosis (Wu et al., 2020). P110 is receiving increasing attention as another peptide inhibitor that inhibits the interaction between DRP1 and Fis1. By blocking DRP1/Fis1 connections in models of septic cardiomyopathy both in vivo and in vitro, P110 can lower septic cardiomyopathy’s morbidity and mortality (Haileselassie et al., 2019). Also, by preventing DRP1 activation and mitochondrial translocation, P110 plays a neuroprotective role (Filichia et al., 2016). Further research is merited to determine whether Drpitor and Drpitor1a, as well as P110, play an important role in DOX-induced cardiac damage.
6.2 Drug compounds
In addition to pharmacological regulators, recent research suggests that several drug compounds may attenuate DOX cardiotoxicity by operating on mitochondrial dynamics. These compounds are already registered drugs for the treatment of other diseases, and can easily be repurposed for use in cardio-protection from DOX exposure.
LCZ696, acting as a novel angiotensin receptor neprilysin inhibitor and a standard treatment in patients with heart failure with reduced ejection fraction, can inhibit mitochondrial fission by reducing DRP1 phosphorylation at Ser616 and preventing cell apoptosis from DOX exposure. However, its cardioprotective effect can be reversed by DRP1 overexpression (Xia et al., 2017).
Metformin and melatonin, applied clinically in hypoglycemia and sleep disorder, exerted a protective effect on cardiac function during DOX treatment in vivo and vitro by improving mitochondrial dynamics balance through suppressing DRP1 phosphorylation at Ser616 and increasing the expression of MFN1/2 and OPA1, accompanied with improved mitochondrial biogenesis and mitophagy (Arinno et al., 2021).
Known as an antiviral classified as a neuraminidase1 (NEU1) inhibitor, oseltamivir (OSE), preserved cardiac function in models of DOX-induced cardiomyopathy, which was associated with the suppression of DRP1-dependent mitochondrial fission and mitophagy (Qin et al., 2021). Among the four varieties of NEUs (NEU1, NEU2, NEU3, and NEU4), NEU1 is the most abundantly expressed in the heart and is associated with a number of cardiovascular disorders (Glanz et al., 2019; Zhang et al., 2021). For example, NEU1 was shown to be strongly expressed in the hearts of patients with coronary artery disease, and it was also related to cardiac ischemia/reperfusion injury, atherosclerosis formation, and plaque instability, as well as being a key cause of cardiac hypertrophy (Zhang et al., 2018a; Sieve et al., 2018; Heimerl et al., 2020; Chen et al., 2021). In DOX-induced cardiomyopathy in rat models, DRP1 expression was increased by the elevated NEU1, which subsequently boosted mitochondrial fission and PINK1/Parkin pathway-mediated mitophagy. This created a negative feedback loop that led to myocardial apoptosis and cell death (Qin et al., 2021). In summary, the above-mentioned study showed that NEU1 promoted DRP1-dependent mitochondrial fission and mitophagy, which was a critical initiator of DOX-induced cardiomyopathy, but NEU1 inhibition mediated by its inhibitors such as OSE demonstrated novel cardio-protective effects against DOX-induced cardiotoxicity.
6.3 Natural regulators
There have also been several studies on natural compounds as potent cardioprotective agents for alleviating DOX-induced cardiotoxicity.
For example, Shenmai Injection suppressed DOX-induced excessive mitochondrial fragmentation in cardiomyocytes by rebalancing mitochondrial dynamics. Mechanically, it reversed a decrease in DRP1 phosphorylation at Ser637 and an increase in DRP1 phosphorylation at Ser616 under treatment with DOX, and simultaneously increased the ratio of L-OPA1 to S-OPA1 via AMPK activation and PI3K/Akt/GSK-3β signaling pathway, which eventually alleviated mitochondria-dependent apoptosis (Li et al., 2020b). Liensinine (LIEN), an isoquinoline alkaloid derived from plants, is a recently discovered mitophagy inhibitor that can work in combination with DOX to treat breast cancer, and it was found that LIEN exhibited a beneficial effect in protecting against DOX-induced cardiomyopathy (Zhou et al., 2015). Liang found that LIEN suppressed DRP1 phosphorylation at the Ser616 site via Rab7 overexpression, thus reversing mitochondrial fragmentation and inhibiting mitochondrial fission–mediated cell death (Liang et al., 2020). Similar to LIEN, ellagic acid (EA), a natural polyphenol compound, can also target mitochondrial fission, attenuating DOX-induced DRP1 Ser616 phosphorylation mediated by the inhibition of Bnip3 (Dhingra et al., 2017). Notably, EA did not reduce DOX’s effectiveness in killing Hela or MCF-7 cancer cells. Along these lines, another study observed that Luteolin (LUT), a naturally occurring flavone enriched in plants, ameliorated DOX-induced toxicity in H9c2 and AC16 cells by alleviating DRP1 expression and Ser616 phosphorylation induced by DOX in H9c2 and AC16 cells (Shi et al., 2021). Also, LUT improved the function of cardiac ventricles in zebrafish under DOX treatment. Furthermore, LUT inhibited proliferation and metastasis in mouse models of triple-negative breast cancer while improving the cytotoxicity (Shi et al., 2021).
Cyclosporine A improved DOX-induced cardiac dysfunction and mortality by normalizing the expression levels of MFN2 and Opa1, sustaining mitochondrial fusion, and preserving mitochondrial function (Marechal et al., 2011). Also, resveratrol (RESV), a naturally occurring polyphenol, was found to increase the expression of mitochondrial fusion proteins MFN1 and MFN2, restore mitochondrial dysfunction, and reduce oxidative stress, thereby protecting against DOX-associated cardiac injury (Dolinsky et al., 2013). It has been proven that SIRT3 defends against cardiotoxicity brought on by doxorubicin. Honokiol (HKL), an activator of SIRT3, was found to promote mitochondrial fusion by maintaining OPA and MFN1 levels, improving mitochondrial function and reducing mitochondrial DNA damage in vivo and in vitro (Pillai et al., 2017). Also, Loulu flowers (LLF), a member of the Compositae family, have been commonly used in the treatment of cardiovascular illnesses because of their detoxifying effects and capacity to eliminate heat (Hu et al., 2022). A study using H9c2 cells and zebrafish models demonstrated that LLF could alleviate cardiac injury via the blocking of NF-κB signaling and the re-balancing of mitochondrial dynamics by alleviation of the aberrant expression of mitochondrial dynamics-related proteins such as OPA1, MFN1, MFF, and Fis1 (Hu et al., 2022), indicating that LLF can alleviate DOX-induced cardiotoxicity. Wenna and co-workers found that, in order to maintain the stability of mitochondrial structure and function, the protective effect against DOX-induced cardiotoxicity in H9c2 cells of three flavonoids obtained by the separation and purification of sea buckthorn seed residue was partially achieved by increasing protein expression of mitochondrial mitofusins (MFN1, MFN2) (Zhou et al., 2023). Paeonol (Pae), a naturally occurring phenol antioxidant derived from the root bark of Paeonia suffruticosa, was approved as a novel mitochondrial fusion promoter in diabetic cardiomyopathy (Liu et al., 2021). A recent study demonstrated that Pae stimulated mitochondrial fusion and protected the heart from DOX-induced damage via the PKCε-Stat3-MFN2 pathway (Ding et al., 2022b). By targeting PKC and subsequently activating Stat3, which was directly bound to the MFN2 promoter and upregulated its expression at the transcriptional level, Pae enhanced MFN2-mediated mitochondrial fusion (Ding et al., 2022b). Furthermore, Pae did not obstruct Dox’s anticancer activities on a variety of tumor cells.
6.4 MicroRNAs (miRNAs) and exosomes
Small non-coding RNAs, known as miRNAs, act as negative regulators of target genes by affecting the stability or translation of mRNA (Valencia-Sanchez et al., 2006), involving several physiological and pathological processes. According to previous studies, cardiac morphogenesis, contraction of the heart muscle, and electrical signal conductivity are all regulated by miRNAs (Thum et al., 2007). The manipulation of miRNAs can be used to develop therapeutic strategies. Given the significance of miRNAs in post-transcriptional regulation, miRNAs also significantly contribute to the cardiotoxicity caused by DOX.
MiR-532-3p was found to regulate mitochondrial fission and apoptosis by targeting ARC, an apoptosis repressor with caspase recruitment domain that acts as an abundantly expressed antiapoptotic protein and affects DRP1 accumulation in mitochondria (An et al., 2009; Wang et al., 2015). More importantly, MiR-532-3p did not affect apoptosis of cancer cells during DOX treatment. And as shown above, miR-23a induced DRP1 Ser616 phosphorylation by directly targeting PGC-1α/p-DRP1 to promote mitochondrial fission, mediating cardiomyocyte damage caused by DOX administration (Du et al., 2019). And MiR-23a inhibitor significantly reduced cardiac damage caused by DOX. Mitochondrial fusion protein can also be regulated by miRNAs. Accordingly, miR-140 can directly suppress the expression of MFN1 by targeting the 3′- UTR without affecting the levels of MFN2, OPA1 or DRP1, and anti-miR-140 can attenuate mitochondrial fission and apoptosis caused by DOX treatment (Li et al., 2014).
Exosomes have established their position as a therapeutic tool in recent years, with an increase in the types of exosomes generated by stem cells being employed in the treatment of heart failure (Roberts and Fisher, 2011; Sun et al., 2021). Exosomes generated from trophoblast stem cells (TSC-Exos) have been shown to guard against the cardiotoxicity caused by DOX (Duan et al., 2023), which has been confirmed both in H9c2 cells and in mice. The study showed that TSC-Exos play a cardio-protective role by recovering mitochondrial fusion through increasing MFN2 expression and alleviating myocardial cell loss.
6.5 Exercise
For cancer patients and survivors, exercise training has a cardioprotective effect against DOX-induced cardiotoxicity and has the potential to be a non-pharmacological intervention for the prevention and treatment of chemotherapy-induced cardiotoxicity. Many studies have consistently shown that exercise may lead to the preservation of left ventricular systolic function through a variety of mechanisms, including prevention of DOX accumulation and removal, increased cardiac antioxidant enzyme expression, mitochondrial function, and reduced pro-apoptotic signaling (Scott et al., 2011; Gaytan et al., 2023).
Aerobic training exercise prevents DOX-induced impairments in LV systolic and diastolic function and protects the heart against ROS by enhancing endogenous antioxidant protective machinery such as glutathione peroxidase 1, catalase, and manganese superoxide dismutase in cardiac tissue (Kavazis et al., 2010). Also, voluntary exercise training may provide resistance against the cardiac dysfunction and oxidative damage associated with DOX exposure and induce a significant increase in heat shock protein (HSP72) in the heart (Chicco et al., 2005). Due to the high affinity between DOX and cardiolipin in cardiomyocytes, DOX is more likely to accumulate in mitochondria than in cytoplasm, and studies have shown that DOX has a greater affinity for subsarcolemmal mitochondria compared to intermyofibrillar mitochondria, which difference occurs potentially as a result of greater concentrations of cardiolipin within this mitochondrial fraction (Kavazis et al., 2017). And exercise preconditioning greatly improves subsarcolemmal mitochondria homeostasis by acting on redox balance and iron handling in subsarcolemmal mitochondria upon acute DOX treatment (Montalvo et al., 2023). According to Morton, by boosting the expression of mitochondria-specific ATP-binding cassette (ABC) transporters and lowering the accumulation of mitochondrial DOX, 2 weeks of exercise preconditioning is sufficient to prevent cardiorespiratory failure (Morton et al., 2019). We will next highlight the relevant studies of exercise ameliorating DOX myocardial toxicity through the regulation of mitochondrial dynamics.
In mice given DOX, aerobic exercise training (endurance treadmill training before DOX treatment) enhanced the expression of MFN1/2, as well as the mitochondrial electron transport chain complexes, superoxide dismutase, and cardiac sarcoplasmic/ER calcium-ATPase 2a, and thus protected against DOX-associated cardiac injury (Dolinsky et al., 2013).
Recently, Marques conducted a study showing that no matter when exercise was performed prior to or during sub-chronic DOX treatment, both chronic exercise rat models (endurance treadmill training-TM and voluntary free wheel activity-FW) demonstrated cardio-protection. Mitochondrial dynamics and autophagy/mitophagy were regulated, resulting in decreased cell apoptosis and improved cardiac function (Marques-Aleixo et al., 2018). Specifically, in SD rat models of sub-chronic DOX treatment, administration of DOX caused a decrease in the expression of fusion proteins (MFN1, MFN2 and OPA1), and an increase in DRP1 expression. Augmentation in mPTP opening susceptibility and apoptotic signaling has also been observed, as well as activation of autophagy/mitophagy signaling. All of these effects can be prevented by TM and FW before DOX treatment (Marques-Aleixo et al., 2018).
As mentioned above, before receiving DOX treatment, endurance exercise (EXE) preconditioning can provide cardio-protection, but it is unknown if EXE postconditioning has the same effect. A study from Lee Y et al. has elucidated this subject (Lee et al., 2020). EXE mitigated cardiac tissue damage and prevented DOX-induced apoptosis. Additionally, with increased mitochondrial fission (DRP1) and decreased fusion markers (OPA1 and MFN2), EXE dramatically improved the flux of auto/mitophagy (Lee et al., 2020). Here comes the paradox. The study from Lee Y hinted that EXE interventions promoted mitochondrial autophagy by enhancing fission-prone changes in mitochondrial switching proteins, but another study conducted previously by Marques showed that EXE prevented DOX-induced fission changes and reduced mitochondrial autophagy, thereby providing cardio-protection (Marques-Aleixo et al., 2018). These disparate outcomes might be related to the experimental design. Lee Y began EXE intervention after DOX treatment lasting for 4 weeks, which represented a chronic response in which DOX exposure led to mitophagy delinquency where activation of mitophagy was required by enhancing mitochondrial fission-prone alterations. Marques made rats perform EXE for 5 weeks and then treated them with DOX for 7 weeks together with EXE. The rats were then sacrificed 7 days after the last administration of DOX, which represented an acute response (within 7 days) to DOX exposure, resulting in excessive mitochondrial fission and subsequent autophagy dysfunction.
To sum up, several pharmacological and non-pharmacological interventions such as pharmacological inhibitors or modulators targeting key proteins of mitochondrial dynamics, drug compounds, natural modulators, miRNAs and exosomes mentioned above, and even exercise, have proven that the re-balancing of mitochondrial dynamics by inhibiting mitochondrial fission or promoting mitochondrial fusion, whether specifically or not regulate the enzyme activity, expression level, oligomerization and intermolecular interaction of mitochondrial fission/fusion associated proteins, are effective strategies for DOX-induced cardiotoxicity. 1) Measures such as the development of pharmacological regulators targeting DRP1 and MFN2 like Mdivi-1 and M1 are being taken in order to develop novel therapeutic compounds for DOX-induced cardiotoxicity and even other cardiovascular diseases such as ischemia-reperfusion injury and diabetic cardiomyopathy. And whether Drpitor and Drpitor1a, as well as P110, pharmacological inhibitors by inhibiting DRP1’s GTPase activity and blocking DRP1/Fis1 connections, play an important role in DOX-induced heart damage warrants further investigation. In addition, other regulatory proteins of mitochondrial fusion and fission like Fis1, OPA1, and MFN1, are also worthy of consideration as potential therapeutic targets. However, it is absolutely significant to note that there is still a need for determining the dosage and administration of these modulators. 2) As for drugs with the ability to regulate mitochondrial dynamics, previously used to treat other diseases like LCZ696, repurposing such drugs is an effective strategy to bring them into clinical practice more quickly. 3) Also, many natural compounds have been shown to exert cardioprotective effects through different molecular pathways, modulating abnormal mitochondrial dynamics in cardiomyocytes affected by DOX without weakening, in fact often strengthening, DOX’s anticancer capacity. However, it is worth noting that, due to the multi-target effect of drugs, the mechanism of action and side effects of each compound merit thorough study in the pre-clinical model before clinical studies should be carried out. 4) Furthermore, exosomes secreted by stem cells and miRNAs are increasingly being considered as a therapeutic tool for cardiovascular disease, as they can repair heart damage, and bring about cardiac regeneration through re-balancing impaired mitochondrial dynamics. In order to better understand the upstream and downstream mechanisms underlying protein changes, which facilitate the regulation of mitochondrial dynamic imbalance and mitigate DOX-induced myocardial injury, the effects of miRNA and exosomes on mitochondrial fission proteins and fusion proteins should be thoroughly studied. 5) With regard to exercise, based on the above-mentioned previous studies, whether employed as a therapeutic (postconditioning) or preconditioning approach, EXE is recognized as a vital regulator of mitochondrial turnover that can help maintain positive cellular alterations. Therefore, consistent physical exercise may be reasonably considered to be one of the most important non-drug interventions for DOX-induced cardiotoxicity. Further studies are merited to determine the most efficient, effective, and practical combination of EXE intensity and duration to help cancer patients avoid serious cardiac complications caused by DOX.
Last but not least, it is significant to emphasize that mitochondrial fission is a prerequisite for mitophagy, which is essential for mitochondrial quality control in different heart diseases by eliminating damaged mitochondria (Li et al., 2022). Although compared with mitochondrial fission, mitochondrial fusion has certain protective effects, such as inhibiting the release of cytochrome C and improving mitochondrial metabolism, it prevents the selective elimination of damaged mitochondria by mitophagy (Narendra et al., 2010), that is, the over-enhanced fusion of mitochondria may lead to the accumulation of damaged mitochondria and accelerate the progression of cardiomyopathy. However, in the current studies of cardiotoxicity caused by DOX, there are few studies on the usage of high doses or longer periods of mitochondrial dynamics regulators. Fortunately, the treatment time and pattern of exercise mentioned above provide some clues for the relationship between mitochondrial dynamics and mitophagy. According to Nan, mice treated with high dose show a greater degree of myocardial damage by I/R than control mice, and the short-term administration of Mdivi-1 has proved to be beneficial by limiting ischemic stress to a short period while long-term treatment with Mdivi-1 could be detrimental, which is likely because of excessive inhibition of mitochondrial fission which suppresses mitophagy to result in the accumulation of abnormal mitochondria (Nan et al., 2017). So, in the future, a large number of preclinical studies and clinical studies are needed to emphasize the effects of different dosages and duration of regulators so as to maintain the optimal balance between mitochondrial fission and fusion.
7 CONCLUSION
DOX-induced cardiotoxicity is a complex process involving an imbalance of mitochondrial dynamics, mitochondrial dysfunction, activation of apoptotic pathways in addition to DNA damage and oxidative stress. It has been clearly indicated that mitochondrial dynamics disorder is one of the leading causes of DOX-induced cardiotoxicity. Numerous studies have demonstrated that exposure to DOX causes the tendency of mitochondrial dynamics toward stronger mitochondrial fission and weakened mitochondrial fusion via upregulation of mitochondrial fission proteins such as DRP1 and downregulation of the mitochondrial fusion proteins MFN1, MFN2 and OPA1, resulting in mitochondrial fragmentation and a damaged mitochondrial network. Therefore, it is reasonable to consider the modulation of imbalanced mitochondrial dynamics in cardiomyocytes affected by DOX as a potential target.
And so far, several pharmacological inhibitors targeting key proteins of mitochondrial dynamics, drug compounds, natural modulators, miRNAs and exosomes mentioned above, and even exercise have proven that the re-balancing of mitochondrial dynamics is a potent approach to cardioprotection from DOX exposure by regulating the enzyme activity, expression level, oligomerization and intermolecular interaction of mitochondrial fission/fusion associated proteins.
In summary, rebalance of mitochondrial dynamics proteins is a potential therapeutic strategy for alleviation and avoidance of cardiotoxicity induced by DOX. Specially, inhibiting DRP1-mediated mitochondrial fission and enhancing MFN2-mediated mitochondrial fusion to promote cellular energy metabolic pattern shift may be a very promising therapeutic strategy, as it holds the promise of “killing two birds with one stone”, that is reducing cardiac adverse reactions caused by Dox while improving its anticancer performance. But further research is merited in order to better understand the upstream and downstream molecular mechanics of these proteins, as well as the interactions of mitochondrial dynamics with autophagy and mitophagy in order to safeguard patients from the potentially fatal cardiotoxic effects of DOX.
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To maintain a range of cellular functions and to ensure cell survival, cells must control their levels of reactive oxygen species (ROS). The main source of these molecules is the mitochondrial respiration machinery, and the first line of defense against these toxic substances is the mitochondrial enzyme superoxide dismutase 2 (Sod2). Thus, investigating early expression patterns and functions of this protein is critical for understanding how an organism develops ways to protect itself against ROS and enhance tissue fitness. Here, we report on expression pattern and function of zebrafish Sod2, focusing on the role of the protein in migration and maintenance of primordial germ cells during early embryonic development. We provide evidence that Sod2 is involved in purifying selection of vertebrate germ cells, which can contribute to the fitness of the organism in the following generations.
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INTRODUCTION
The control over the level of reactive oxygen species (ROS) in the cell is important for a range of physiological and pathological processes (reviewed in (Bowling et al., 2019; Lawlor et al., 2020; Sie et al., 2020; Shields et al., 2021)). A major source of these harmful ROS compounds is oxidative phosphorylation in the mitochondria, but mitochondria also have a way to handle them: ROS are neutralized by detoxifying enzymes such as superoxide dismutase 2 (SOD2), a mitochondrial enzyme that converts superoxide radicals into the less harmful compound hydrogen peroxide. Consequently, the function of SOD2 is critical for cell survival in Drosophila (Celotto et al., 2012) and for the immune response in zebrafish (Peterman et al., 2015). Mice that have a reduced SOD2 function are more likely to develop epilepsy (Liang and Patel, 2004), cardiomyopathy defects (Van Remmen et al., 2001), and oncological and aging-related phenotypes ((Justilien et al., 2007; Velarde et al., 2012; Weyemi et al., 2012); reviewed in (Lee et al., 2009)).
While SOD function has been shown to be important in different cell types, the role of the protein during the early development of vertebrate embryos is not well understood, in particular regarding its role in selecting for fitter germline cells that ensure the robustness of the organism across generations. So far, the process of “purifying selection” based on cell competition, namely, the selection for cells with optimal energy supply or metabolic status, has been described for somatic cells during early mouse embryogenesis ((Döhla et al., 2022; Lima et al., 2021)). In the mouse, natural selection of male germ cells was reported to be based on differentiation efficiency but the impact of metabolic parameters on the process was not analyzed ((Nguyen and Laird, 2021; Nguyen et al., 2020)). Thus, not all aspects of competition among germ cells have been studied. To explore these issues, we employed the zebrafish model, benefiting from the extrauterine development of the embryo and the available genetic and reverse genetic tools. We examined the role of Sod2 in early embryogenesis with respect to cell maintenance as well as collective and single cell migration, focusing on its function in germ cells. We show that Sod2 is expressed in germ cells and is important for their development and provide evidence that Sod2 protein is involved in the selection for fitter germ cells, thereby contributing to the fitness of the organism across generations.
MATERIALS AND METHODS
Fish lines and husbandry
The following zebrafish (Danio rerio) lines were employed: wild-type of the AB background, Tg(kop:EGFP-F’nos3′UTR) (Blaser et al., 2005), Tg(kop:mcherry-F-nos3′UTR) (Tarbashevich et al., 2015), Tg(gsc:GFP) (Doitsidou et al., 2002), Tg (cldnB:lynEGFP)+/+ (Haas and Gilmour, 2006), mu13 (MZsod2STOP31) Tg(kop:EGFP-F’nos3′UTR), mu14 (MZsod2STOP19) Tg (cldnB:lynEGFP)+/+.
WT and manipulated embryos were collected, kept in 0.3× Danieau’s solution [17.4 mM NaCl, 0.21 mM KCl, 0.12 mM MgSO4·7H2O, 0.18 mM Ca(NO3)2, and 1.5 mM Hepes (pH 7.6)], and raised at 28°C. The general zebrafish maintenance was performed in compliance with the German, North-Rhine-Westphalia state law, following the regulations of the Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen and was supervised by the veterinarian office of the city of Muenster.
Microinjections into the zebrafish embryos
For all experiments except for the one presented in Figure 7, embryos were microinjected into the yolk with 2 nL of the injection mixture. The following capped sense mRNAs synthesized using the mMESSAGE mMACHINE (Thermo Fisher Scientific): GrpEL-EGFP (C131.GrpEL.EGFP.nos) (used as mitochondria marker for co-localization studies), Sod2-mCherry (C247.Sod2-mCherry-nos) (used to determine intracellular protein localization), Sod2 (C382.Sod2.nos, E046.Sod2ORF.sod2 3′UTR) (both used for rescue experiments), mCherry-H2B (B325. mCherry.H2B.globinUTR) (labels nuclei of all cells in the embryo, used for the correction for the gastrulation movement in the cell migration analysis), Mito-mCherry (C433.mCherryHA-Bcl2TM.nos3′UTR) (used for the fluorescence-based analysis of the mitochondria numbers in the PGCs).The mRNAs containing nos 3′UTR are cleared from somatic cells via miRNA430-mediated degradation and are, thus, predominantly expressed in germ cells (Kedde et al., 2007).
Translation-blocking morpholinos (MO, Gene tools) utilized for this work were: CntrMO (CCT​CTT​ACC​TCA​GTT​ACA​ATT​TAT​A), Sod2MO (CAT​GCT​CTA​GTC​CGT​CAC​ACA​GTG​A). Both morpholinos were injected in 0.5 µM concentration.
For the experiment described in Figure 7, 8-cell-stage embryos were microinjected into one of the middle blastomeres with 1 nL injection mix containing Cas9 nuclease (0.5 μg/μL, Integrated DNA technologies (IDT), cat. Nr. 1081059), guide crRNA egfp (18 ng/μL, 5′-AAG​GGC​GAG​GAG​CTG​TTC​AC-3′), guide crRNA sod2 (18 ng/μL, 5′-ACA​AAT​CTG​TCA​CCC​AAT​GGC​GG-3′), tracrRNA (33.5 ng/μL, cat. Nr. 1072534) according to the manufacturer’s recommendations (IDT).
Transplantation experiments
For the posterior lateral line primordium (pLLP) transplantation experiments, wild-type and MZsod2STOP31 embryos were injected with 500 pg of dextran conjugates (Invitrogen™, Dextran, Alexa Fluor™ 568; 10,000 MW, Anionic, Fixable, Catalogue number: D22912 or Alexa Fluor™ 680; 10,000 MW, Anionic, Fixable, Catalogue number: D34680) of distinct colors and used as donors. Uninjected wild-type embryos carrying a cldnB:lynEGFP transgene served as hosts.
Equal numbers of both types of donor embryos were grown to 4 h post fertilization (hpf), before removing the yolks. The cell caps were combined in a tube and carefully dissociated by tapping, until a homogeneous cell mixture was obtained. This cell mixture was transplanted into shield stage host embryos. At 31 hpf, dextran-labeled donor cells were distributed throughout the host embryos. Transplanted embryos were screened for cases in which both wild-type and MZsod2STOP19 donor cells had integrated into the host pLLP. The primordium was then imaged with Z-steps of 20 µm.
For the PGC transplantations, wild-type (WT) (Tg(kop:EGFP-F’nos3′UTR)+/+) or sod2 knockout (KO) (MZsod2STOP31 Tg(kop:EGFP-F’nos3′UTR)+/+) germ cells from 4.7-5 hpf donor embryos expressing EGFP-F′ transgene and dominant marker Tg(cry:DsRed) (red eyes) were transplanted into 4 hpf hosts (Tg(kop:mcherry-F-nos3′UTR)) expressing mCherry-F′ transgene and dominant marker Tg(cmlc:EGFP) (green heart) or into “dark” MZsod2STOP31 embryos. Embryos with mosaic germ cell clusters were selected at 24 hpf and raised to adulthood.
Immunohistochemistry
Whole-mount in situ hybridization using the DIG-labeled probe for the sod2, egr2a, mab21l, en2a and foxa3d was performed as previously described (Weidinger et al., 2002).
RNAscope was performed as described previously (Gross-Thebing et al., 2014) using the following probes: sod2 (cat. Nr. 300031-C2/320269-C2), vasa (cat. Nr. 407271-C3), cxcl12a (cat. Nr. 406481), noto (cat. Nr. 4835511-C2), gata1(cat. Nr. 473371-C3), neurog1 (cat. Nr. 505081-C2), myoD (cat. Nr. 402461-C2), pax8 (cat. Nr. 494721-C2), pcdh8 (cat. Nr. 494741-C3).
Fluorescence whole-mount immunostaining of the telomere repeats was performed using TelC-Cy3 (cat. Nr. TP-007) and TelC-Cy5 (cat. Nr. TP-009) according to the manufacturer’s instructions (PNA Biotech).
Image acquisition and microscopy
For live imaging, embryos were dechorionated, and those older than 20 hpf were anesthetized using tricaine (concentration, A5040, Sigma-Aldrich) in 0.3× Danieau’s solution, mounted in agarose-coated ramps covered with Danieau’s solution and manually oriented. For experiments aimed at determining migration parameters, samples were incubated at 28°C on a heated stage (PeCon, TempController 2000-2).
Spinning disk confocal microscopy was performed using Carl Zeiss Axio Imager Z1 and M1 microscopes equipped with a Yokogawa CSUX1FW-06P-01 spinning disk units. Imaging was performed using a Hamamatsu ORCA-Flash4.0 LT C11440 camera and Visitron Systems acquisition software (VisiView). Imaging of RNAscope samples (×10 objective) was conducted by acquiring 400-μm z-stacks (80 Z planes, 5 μm apart). For the analysis of PGC speed, ×10 objective multi-stage time-lapses were acquired for 2 h with 2-min acquisition intervals. For the PGC blebbing analysis, ×63 objective high-magnification movies of individual cells were acquired with 5-s intervals for 5 min. For the neomycin treatment, dechorionated embryos were incubated in a 400 µM neomycin (Sigma, cat. Nr. N1142) solution in Danieau’s buffer from 3 hpf until the end of the experiment. For the control treatments, the same amount (in µl) of DMSO (Sigma, cat. Nr. D8418) was used.
For the analysis of the pLLP migration, time-lapse movies were acquired at a rate of one frame every 30 min between 24 hpf 31 hpf. The samples were imaged using a1×0 objective to obtain150-µm Z-stacks of 10 µm optical slices.
High-magnification images for determining cell positioning and volume of the pLLP (40x) were performed by acquiring 2-μm optical slices. Analysis of the pLLP volumes was performed using the surface function of the Imaris software (Bitplane, version 9.5.1.).
Confocal laser scanning image acquisition was performed using LSM710 (Zeiss) upright microscope and ZEN software (Zeiss). If not stated otherwise, imaging was performed using a ×63 water-dipping objective with 2-μm optical slices.
Determination of the embryo size
Determination of zebrafish embryo size at the 5-somite stage was performed using the Fiji distribution function of ImageJ (NIH). First, the nuclei signal (Hoechst) of RNAscope image data, was projected along the Z-axis (400 µm in total), performing a maximum intensity projection. Rolling ball background-subtraction (radius = 50 pixels) was subsequently applied to the projected image. Next, a binary image was created by thresholding the image using the Otsu algorithm and adjusting the threshold such that the entire embryo was included. The “Fill holes” function was used to fill the area between the nuclei that were previously not segmented. The area of the obtained embryo segmentations was measured (for wild-type and MZsodSTOP31 embryos).
Analysis of cell migration
Analysis of the PGC migration speed was performed by tracking the germ cells using Imaris software (Bitplane, version 9.5.1.), with the correction of the gastrulation movement of the surrounding somatic cells. Analysis of PGC blebbing activity was performed manually (bleb count) using Fiji software. To determine the portion of blebs generated by PGCs at the back of a cell relative to the total number of blebs, the cells were divided into front and back halves and the total number of blebs, as well as the number of blebs at the back was counted for 5-min time-lapse movies.
For the analysis of the PGC cluster length, the value obtained for a cluster on one side of an embryo was normalized to the length of the yolk extension of the given embryo. Analysis was performed using Fiji software.
Analysis of the pLLP migration speed and distance were performed using Fiji software. The image orientation was adjusted, such that the lateral line was perfectly horizontal, with the primordium traveling to the right. The anterior point of the yolk extension was used as the point from which the distance to the tip of the traveling primordium was measured. The obtained values were normalized to the average wild-type pLLP speed/distance of travel for the given experiment.
qPCR
qPCR was performed as described in Cawthon (2009). Telomere primers: 5′ CGG​TTT​GTT​TGG​GTT​TGG​GTT​TGG​GTT​TGG​GTT​TGG​GTT-3′ and 5′- GGC​TTG​CCT​TAC​CCT​TAC​CCT​TAC​CCT​TAC​CCT​TAC​CCT-3’. The house keeping gene hmg (high mobility group) was used as a reference RNA amplified with primers 5′-GTG​GAA​GAC​CCC​GAA​AAC​A-3′ and 5′- TTC​CTC​CTC​TTC​TTC​CTC​CTC​G-3’. Additional normalization was performed to the values of the WT group.
Western blotting analysis
Western blotting analysis was performed on protein extracts from wild-type and MZsod2STOP embryos of 24hpf. The following primary antibodies were used: anti-Sod2 antibody (Proteintech, #24127-1-AP, in 1:3000 dilution) and a pan-Actin antibody (Thermofisher, #MA1-744, in 1:3000 dilution). For detection the following secondary antibodies were employed: goat-anti-mouse (Li-Cor, 926-68071, IRDye 680RD) and donkey-anti-rabbit (Li-Cor, 926-32213, IRDye 800RD) in 1:5000 dilution.
ROS detection
For the detection of the level of the oxidative stress, 1hpf wild-type and MZsod2STOP embryos were manually dechorionated and incubated for 3 h in 10 µM CellRox (ThermoFisher, C10422) in Danieau’s at 28°C followed by removal of the chemical and confocal imaging.
Statistical analysis
Statistical analysis (one-way ANOVA or Student’s t-test) was performed using GraphPad Prism software (version 8). If not stated otherwise, all experiments were performed in three independent replicates. Where applicable, multiple comparisons were statistically analyzed using Dunn’s multiple comparison test.
RESULTS
sod2 mRNA is enriched in migratory cell populations
Upon screening for RNA molecules enriched in zebrafish primordial germ cells (deep sequencing data published in (Hartwig et al., 2014; Paksa et al., 2016)), we identified superoxide dismutase type 2 (sod2) (ZFIN:ZDB-GENE-030131-7742). During early stages of embryogenesis (4 and 7 h post fertilization (hpf)), we found that sod2 mRNA was expressed globally, but enriched in primordial germ cells (PGCs) (Figures 1A,B, Supplementary Figure S1A). At later stages of embryogenesis, sod2 expression was detected in several structures such as the caudal somites as well as in specific regions within the developing brain (Figure 1C, Supplementary Figure S1A and Supplementary Figure S2). Intriguingly, in addition to being expressed in the PGCs (blue arrowhead in Figure 1C, Supplementary Figure S1, Supplementary Figure S2), sod2 RNA was strongly expressed within two other populations of migratory cells: caudal hematopoietic trunk cells (CHT) (yellow arrowhead in Figure 1C, Supplementary Figure S1A) and cells of the posterior lateral line primordium (pLLP) (purple arrowhead in Figure 1C, Supplementary Figure S1A and Supplementary Figure S2). Consistent with its function, the Sod2-mCherry fusion protein localized to the mitochondria of cells of early embryos (e.g., in germ cells expressing the mitochondrial protein GrpEL (Figure 1D-D’’)) (Srivastava et al., 2017).
[image: Figure 1]FIGURE 1 | sod2 RNA expression pattern and localization of the protein during early embryogenesis. (A, B) RNAscope-based localization of sod2 mRNA and the germ cell marker vasa mRNA at (A) 4 hpf and (B) 7 hpf. (C) Whole-mount in situ hybridization image probing for sod2 mRNA in 24 hpf embryos. Blue arrowhead points at the PGC cluster, yellow arrowhead at hematopoietic precursor cells, and purple arrowhead at the migrating pLLP. (D–D’’) Representative confocal images of Sod2-mCherry protein in germ cells relative to the mitochondrial marker (GrpEL-EGFP). Scale bar 10 µm.
Generation of sod2 maternal zygotic mutant fish lines
To study the function of Sod2 during early zebrafish embryogenesis, we generated two knockout (KO) alleles employing CRISPR/Cas9 technology. Both lines carry mutations at the beginning of the catalytic domain of the wild-type (WT) protein, resulting in frameshifts and stop codons shortly following the mutation sites (Figure 2A). Thus, we considered the two mutated alleles to result in full loss of function of Sod2 (see below).
[image: Figure 2]FIGURE 2 | Generation of sod2 maternal zygotic fish lines. (A) The schematic representation of the position of the two Cas9-induced mutations. The mutations resulted in stop codons at amino acid position 31 (sod2STOP31) and 19 (sod2STOP19) (marked by asterisks). (B) Western blotting analysis of the Sod2 protein expression in wild type and MZsod2 embryos.
Since sod2 transcripts (and presumably the protein) are maternally provided to the embryo, we aimed at generating adult mutant fish that were homozygous for both knockout alleles. In this way, one can obtain embryos that do not contain maternally-provided material that are also incapable of expressing functional RNA from their own genome.
Interestingly, despite the central role that the protein plays in controlling ROS levels in the cell, under lab conditions the fish lacking the function of Sod2 were viable and developed into adults that proved to be fertile. This allowed us to generate and analyze embryos lacking both maternal and zygotically transcribed sod2 RNAs (maternal-zygotic mutants (MZ), we designated as MZsod2STOP19 and MZsod2STOP31). The schemes of crosses and genotypes analyzed in this manuscript are presented in Figure 3A. In such embryos, presumably as a result of nonsense-mediated RNA decay, no sod2 RNA (whole-mount in situ hybridization, Supplementary Figure S1B) or protein (Western blotting analysis, Figure 2B) could be detected.
[image: Figure 3]FIGURE 3 | MZsod2 KO embryos exhibit reduction in the germ cell migration speed. (A) The scheme of crosses and genotypes analyzed in this manuscript. (B, C) PGC migration speed was determined by tracking cell migration for 70 min using Imaris software. (D) Normalized PGC cluster lengths at 24 hpf in WT and MZsod2 KO embryos treated with neomycin (enhanced ROS production condition). (E, F) Representative images of embryos analyzed for the PGC cluster length (quantification shown in (D)) ****p < 0.0001, *p < 0.05 was determined by Student’s t-test. n - number of PGCs analyzed in 38 WT and 36 MZsod2 KO embryos (B), 24 MZsod2 KO + control (contr) mRNA and 29 MZsod2 KO + sod2 mRNA embryos (C). N - number of PGC clusters (one cluster per embryo) analyzed.
Nevertheless, a phenotype we did observe in MZ mutant embryos at early somitogenesis stages (11 hpf) was that of a mild reduction in body size (Supplementary Figure S3A). However, as judged by RNA expression, patterning events progressed normally in all germ layers, i.e., ectoderm, mesoderm and endoderm (Supplementary Figure S3B, C), and the embryos appeared morphologically normal at 5 days of development. Relevant for this report, the expression of cxcl12a, namely, the chemokine guiding the migration of both pLLP and PGCs, was expressed normally in the mutant embryos (Supplementary Figure S3C).
Sod2 function is dispensable for the collective migration of the pLLP cell cluster
The posterior lateral line primordium (pLLP) is a cluster of 100–150 cells that migrate collectively towards the tail of the zebrafish embryo (Haas and Gilmour, 2006). Interestingly, sod2 mRNA was expressed within cells of the pLLP (Figure 1C, Supplementary Figure S1A), with elevated levels detected at the front of the cell cluster compared to the rear (Supplementary Figure S2). This expression pattern prompted us to examine the migration of the cell cluster in embryos lacking Sod2 function (MZsod2STOP19). As judged by the position of the pLLP at 24 hpf to 35 hpf (Supplementary Figure S4A), the cell clusters in mutant embryos migrated at the same speed as the non-manipulated wild-type clusters. Similarly, we did not observe an effect on the cluster size, suggesting a normal rate of cell division and death (S4B-B’’). Last, in mosaic pLLP clusters in which only some of the cells lacked Sod2 function and the rest were wild-type, we found no role of the protein in dictating the position of the cells within the primordium (Supplementary Figure S4C–E).
Thus, based on the parameters investigated in Supplementary Figure S4, Sod2 function was not essential for proper migration of the pLLP, nor for cell behavior within the cluster.
Elevation of ROS affects PGC migration
To investigate the possible function of Sod2 in another cell population that expresses the protein, we turned to primordial germ cells (PGCs). In different organisms PGCs are specified during early embryonic development and migrate as single cells from their site of specification to the region where the gonad develops to give rise to gametes, sperm and egg ((Richardson and Lehmann, 2010; Aalto et al., 2021; Grimaldi and Raz, 2020)). We examined the migration speed of PGCs in seven to nine hpf embryos and observed a mild reduction in the speed of sod2 mutant PGCs as compared with their wild-type counterparts (Figure 3B). In line with this finding, cells devoid of Sod2 function were less polar as manifested by an increase in the rate of bleb-type protrusion formation, particularly at the cell rear (Figures 4A–C, Supplementary Movie S1). Conversely, overexpression of Sod2 led to an increase in migration speed, suggesting that the Sod2 activity level constitutes a limiting factor for germ cell translocation (Figure 3C). Despite the defects in protrusion formation and the slower migration of PGCs in MZsod2STOP31 embryos, normal size of PGC cluster formed at the region where the gonad develops (Supplementary Figure S5A).
[image: Figure 4]FIGURE 4 | Defects in protrusion formation and germ cell polarity in sod2 KO and neomycin-treated embryos. Analysis of (A, D) the number of blebs in PGCs per minute and (B, E) the proportion of blebs at the cell back. In graphs A and B, MZsod2STOP31 embryos were injected with control RNA or with RNA directing Sod2 expression to the germ cells (see Methods); the same cells were analyzed in panels A and (B). In graphs D and E, wild-type embryos were treated with DMSO or with neomycin; the same cells were analyzed in panels D and (E). (C, F) Snapshots from the representative time-lapse movies (movies S1 and S2) analyzed in (A,B,D, E). Yellow asterisks point at blebs at the rear of cells. n - the number of PGCs analyzed. One PGC per embryo was imaged and analyzed. **p < 0.01, *p < 0.05, were calculated by Student’s t-test.
In addition to the finding presented above, we detected higher ROS levels in cells deficient for Sod2 function (Supplementary Figure S5B). To examine whether Sod2 confers robustness to the migration process under conditions of increased oxidative stress in the PGCs, we subjected MZsod2STOP31 and wild-type embryos to neomycin (Neo), which was shown to increase oxidative stress in cells ((Harris et al., 2003; Esterberg et al., 2016)). Increasing the oxidative stress in this way led to an increase in bleb formation and a reduction in cell polarity (Figures 4D–F, Movie S2) in wild-type embryos. We next checked whether the function of Sod2 could confer robustness to the arrival of germ cells at their target under these conditions. Indeed, increasing ROS level by subjecting embryos to Neomycin further enhances the oxidative stress in cells lacking SOD2 function (Supplementary Figure S5C). Interestingly, loss of Sod2 function coupled to neomycin treatment affected PGC cluster formation at the region where the gonad develops (Figures 3D–F).
Sod2 function is important for selection of fitter germ cells
To further examine the function of Sod2 in the germline, we monitored the mitochondria, the organelle within which the enzyme functions. Measuring the fluorescence intensity levels of a mitochondria-directed mCherry protein in 8 and 24 hpf embryos revealed a very strong reduction in the average fluorescence levels particularly in MZsod2STOP31 PGCs at 24 hpf as compared with their wild-type counterparts (Figure 5, Supplementary Figure S6).
[image: Figure 5]FIGURE 5 | MZsod2 KO germ cells exhibit reduced mitochondria-derived fluorescence signal. Average intensity of the fluorescently-labeled mitochondria in WT and MZsod2 KO germ cells at 8 and 24 hpf. n - number of PGCs analyzed in N–number of embryos. ****p < 0.0001, *p < 0.05 was determined by ANOVA test. Scale bar 10 µm.
It has previously been reported that, as quantified by the amount of mitochondrial DNA, the number of mitochondria decreases exponentially from the time of egg fertilization until late larval stages, when replication of these organelles reinitiates (Otten et al., 2016). In light of this, we hypothesized that the further decrease in mitochondria-derived fluorescence signal in MZsod2STOP germ cells could result in reduced fitness of these cells relative to wild-type cells during later stages of development (Figure 9).
To test this hypothesis, we transplanted germ cells from wild-type and MZsod2STOP31 lines into either wild-type or MZsod2STOP31 hosts, with the transplanted donor germ cells carrying a dominant marker (fluorescent eyes, Supplementary Figure S7). Chimeric embryos containing both host and donor germ cells were raised and mated with wild-type fish, and we scored for the embryos expressing the donor dominant marker (fluorescent eyes), which signifies the fitness of transplanted PGCs (Figure 6).
[image: Figure 6]FIGURE 6 | Analysis of zebrafish with mosaic gonads: PGC transplantation approach. Embryos with mosaic germ cell clusters (white cells are the transplanted donor PGCs, red cells are the host PGCs in the upper panels) were selected at 24 hpf and raised to adulthood and crossed to wild-type fish. If clutches contained embryos with the dominant marker of the donor line (red eyes), the outcrossed adult fish would be counted as “positive.” Lower graph shows the number of such positive fish relative to the total number of adults tested is presented in percentage for each background. Numbers within the bars represent the number of F0 adults with donor progeny divided by the total number of F0 adults raised for this line.
Following this experimental scheme, we detected F1 progeny derived from the transplanted germ cells in 7 of 13 (54%) adult fish when wild-type donor PGCs were transplanted into wild-type hosts. Similarly, 8 out of 16 (50%) adult fish had progeny expressing the donor domain marker when MZsod2STOP31 PGCs were transplanted into MZsod2STOP31 hosts. The result of the experiment changed when germ cells were transplanted into heterologous backgrounds. In these cases, F1 progeny expressing donor dominant makers were observed in 11 of 16 (69%) animals in which wild-type germ cells transplanted into the MZsod2STOP31 background. Conversely, the number of adult wild-type hosts giving rise to dominant-marker carrying progeny was only 4 of 11 fish (36%) in the case of MZsod2STOP31 cells transplanted into wild-type hosts.
Due to the complexity and low throughput of the experiment presented above, only a relatively small number of chimeric animals could be generated. Thus, as an additional test for the hypothesis, we generated fish with chimeric gonads containing wild-type and MZsod2STOP19 germ cells using a different approach (Figure 7A). To this end, we co-injected Cas9 protein and guide RNAs targeting egfp and sod2 sequences into 1 blastomere of 8-cell-stage wild-type and MZsod2STOP19 embryos. The injected embryos were homozygous for an EGFP transgene. The injected embryos were raised, and adult males were crossed with wild-type female fish, with the progeny analyzed for the percentage of embryos lacking a GFP signal. Thus, knocking out sod2 according to this scheme resulted in adult fish with a chimeric germline, where progeny lacking the EGFP signal representing the proportion of sod2 KO germ cells that contributed to the germline. Intriguingly, we found that the potency of cells lacking Sod2 to contribute to the germline and form gametes was very strongly reduced in wild-type animals as compared to their ability to do so when located within a gonad containing only Sod2 mutant cells (Figure 7B). We thus conclude that while Sod2 mutant cells can generate gametes, they are much less likely to do so when positioned within an environment containing wild-type cells. Thus, when located within an environment of wild-type cells, the Sod2-deficient germline cells are outcompeted and contribute less to the gametes (WT in Figure 7B). Importantly, the effect of germ cell competition was not observed in similarly generated control chimeric gonads of embryos injected only with guide RNA for the egfp sequence (no sod2 knockout) (Figure 7C). Together, Sod2 deficient cells contribute less to the germline when located among wild-type germ cells. In contrast, the negative controls where Sod2 activity was not altered (anti gfp guides, or anti sod2 guides in sod2 mutant cells) the treated cells showed no difference in their contribution to the germline as compared with non-treated cells. Consistent with the importance of reduced ROS levels in germline cells for proper gametogenesis, MZsod2 homozygous mutant fish are less fertile (Supplementary Figure S8).
[image: Figure 7]FIGURE 7 | Generation and analysis of zebrafish with mosaic gonads: Cas9-based approach. (A) Embryos of WT or sod2 KO backgrounds homozygous for Tg(cldnB:lynEGFP) (Tg(GFP) +/+) were injected at the 8-cell stage into one of the middle blastomeres with Cas9 protein and two guide RNAs targeting egfp and sod2 sequences (sgEGFP and sgSod2). This manipulation affected only a fraction of germ cells per embryo, allowing for a high-throughput generation of animals with mosaic gonads containing WT germ cells (expressing Sod2 and EGFP transgene) and KO germs cells (where both Sod2 and EGFP functions were eliminated). Such embryos were raised to adulthood. Adult males were outcrossed to WT females, and the percentage of GFP-negative embryos (lacking EGFP and Sod2 expression) within the clutch was calculated. Results are presented in graph (B). The results of the negative control experiment with animals injected only with sgGFP (manipulating GFP expression only) are presented in graph (C). n–number of embryos and N - number of adult fish analyzed. ****p < 0.0001, n.s.p > 0.05 was determined by Student’s t-test.
An interesting phenotype we observed, which may be relevant for the reduced potential of Sod2-depleted germ cells to generate gametes as compared to non-manipulated neighboring germ cells, is a reduction in the number of telomeric repeats in MZsod2 KO embryos. This analysis was performed using qPCR (Figure 8A), or fluorescence in situ hybridization using the telomere-specific probe (TelC-Cy3, Figures 8B–D, Supplementary Figure S9). A possible basis for the shortening of telomeres is DNA damage that telomere length reports on. The reduction in telomere length we observe in sod2 mutants could affect the fitness of cells that carry the genetic information to future generations.
[image: Figure 8]FIGURE 8 | The number of telomeric repeats is reduced in sod2 KO fish lines. (A) The relative length of telomeric repeats in wild type and MZsod2 mutants was determined by qPCR (graph). The qPCR values were normalized to the WT condition. (B) The relative number of telomeric repeats was determined by fluorescence in situ hybridization (FISH) using Cy3-conjugated TelC probes. The graph presents intensity measurements of the TelC signal in individual PGC nuclei. n–number of PGCs analyzed in 32 WT and 35 MZsod2 embryos (C, D) Representative confocal images of TelC-FISH staining. PGCs are identified by the expression of EGFP-F′ on their cell membranes (represented by yellow dotted lines). ****p < 0.0001was determined by Student’s t-test. Scale bar 10 µm.
DISCUSSION
The Sod2 protein has been shown to be involved in a range of physiological and pathological processes. For example, the Drosophila sod2 mutant (SOD2Bewildered) exhibits aberrant brain morphology, abnormal axonal targeting, and neurodegeneration (Celotto et al., 2012). We observed strong expression of sod2 mRNA in the zebrafish brain as well, but, based on the molecular markers we examined and the apparent normal behavior of MZsod2 adult fish, the loss of Sod2 in zebrafish did not result in a pronounced phenotype in this tissue. Since the ROS level has been shown to affect lipid metabolism ((Quijano et al., 2016; Zhuang et al., 2021)), the main energy source of the early embryo, the reduction in body size of 12-hour-old MZsod2STOP mutant embryos could stem from defects in the availability of these molecules (reviewed in (Sant and Timme-Laragy, 2018; Quinlivan and Farber, 2017)).
The PGC migration phenotype we observed in MZsod2 mutants and the similar phenotype of neomycin-treated embryos could reflect defects in energy production as well, which in this case could stem from defects in the function of the mitochondria (Esterberg et al., 2016). We attribute the lack of migration defects in the pLLP to the more robust nature of collective cell migration in which mild locomotion aberrations in some cells can be compensated by other cells in the cluster ((Knutsdottir et al., 2017; Yamaguchi et al., 2022)).
In contrast to the very mild or lack of phenotypes we observed in PGCs during early stages of embryonic development (first 1–2 days post fertilization), the phenotypes we detected at later stages were much more pronounced. A possible explanation could be that the PGC competition phenotype we observe reflects a cumulative effect of lack of Sod2 function over the 3-month period between the establishment of the germline and the generation of gametes.
A frequently documented type of cellular heterogeneity that is subjected to selection has been described in somatic cells in the form of mitochondrial heteroplasmy (e.g., mitochondrial function in human cells (Wei et al., 2019)). In this case, cells with an elevated proportion of defective mitochondria are eliminated by more robust neighboring cells in a process termed “purifying selection” (Lima et al., 2021). Heterogeneities in cellular functions have also been identified in other cell populations including stem cells ((Ellis et al., 2019; Lawlor et al., 2020; Lima et al., 2021), reviewed in (Muller-Sieburg et al., 2012; Krieger and Simons, 2015)). In germ cells, such heterogeneities can be especially consequential, as they are transmitted to the next-generation (Zhang et al., 2022).
Since during the embryonic stages studied here there was no de novo production of mitochondria, the number of the maternally provided organelles per cell declined with each cell division, reaching a very low number (estimated to be 100 per cell (Otten et al., 2016)). Indeed, the time of PGC migration we examined here corresponds to developmental stages with very low numbers of mitochondria per cell (Otten et al., 2016). The small number of mitochondria is an obvious parameter relevant for mitochondrial heteroplasmy in PGCs and for the so called mitochondrial “bottleneck” effect (Otten et al., 2016). In the case of germ cells, this time point can serve as the stage when purifying selection takes place, contributing to the transmission of healthier mitochondria to the progeny. Consistent with the Sod2 level being important for mitochondria function and DNA integrity, in MZsod2STOP embryos the already low mitochondria number was further reduced (schematically presented in Figure 9), and telomeres were shorter. The low level of mitochondria observed in PGCs in MZsod2STOP embryos and the aberrations in migration motivated us to study the possible evolutionary role of Sod2 in PGC maintenance and natural selection. Indeed, the results of the germline transplantation experiments (Figure 6) and those of the chimeric germline analysis (Figure 7) show that germ cells lacking Sod2 were less likely to generate gametes as compared with wild-type PGCs when positioned together within the developing gonad. Since such phenomenon has not been observed among cells of similar genotypes, these results fit the definition of cell competition ((de la Cova et al., 2004; Moreno and Basler, 2004)), which in this case involves germline cells. In the context of this work, such competition could select for germline cells with lower ROS-generated damage, thereby controlling the quality of gametes and, thereby, the fitness of somatic cells in the next-generation. Thus, it is likely that the full manifestation of the MZsod2STOP phenotype may only be appreciated on the evolutionary scale when followed over several generations.
[image: Figure 9]FIGURE 9 | Schematic illustration of changes in mitochondria numbers during zebrafish development. Representation of mitochondria numbers per germ cell at 8 hpf and 24 hpf of zebrafish development in WT (black) and MZsod2 KO (red) animals. The dotted part of the graph is based on (33).
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Bronchopulmonary dysplasia (BPD) is a common complication in preterm infants, leading to chronic respiratory disease. There has been an improvement in perinatal care, but many infants still suffer from impaired branching morphogenesis, alveolarization, and pulmonary capillary formation, causing lung function impairments and BPD. There is an increased risk of respiratory infections, pulmonary hypertension, and neurodevelopmental delays in infants with BPD, all of which can lead to long-term morbidity and mortality. Unfortunately, treatment options for Bronchopulmonary dysplasia are limited. A growing body of evidence indicates that mesenchymal stromal/stem cells (MSCs) can treat various lung diseases in regenerative medicine. MSCs are multipotent cells that can differentiate into multiple cell types, including lung cells, and possess immunomodulatory, anti-inflammatory, antioxidative stress, and regenerative properties. MSCs are regulated by mitochondrial function, as well as oxidant stress responses. Maintaining mitochondrial homeostasis will likely be key for MSCs to stimulate proper lung development and regeneration in Bronchopulmonary dysplasia. In recent years, MSCs have demonstrated promising results in treating and preventing bronchopulmonary dysplasia. Studies have shown that MSC therapy can reduce inflammation, mitochondrial impairment, lung injury, and fibrosis. In light of this, MSCs have emerged as a potential therapeutic option for treating Bronchopulmonary dysplasia. The article explores the role of MSCs in lung development and disease, summarizes MSC therapy’s effectiveness in treating Bronchopulmonary dysplasia, and delves into the mechanisms behind this treatment.
Keywords: stem cells, bronchopulmonary dysplasia, development, extracellular vesicles, mitochondria
1 INTRODUCTION
Bronchopulmonary dysplasia (BPD) is a chronic lung disease of preterm infants characterized by impaired alveolar and vascular development, resulting in poor gas exchange and significant respiratory morbidity (Jobe, 2011; Gilfillan et al., 2021; Schmidt and Ramamoorthy, 2022). The primary drivers of BPD pathology are inflammation, oxidative stress, and parenchymal fibrosis (Higano et al., 2018; Benjamin et al., 2021; Holzfurtner et al., 2022; Kimble et al., 2022). BPD causes long-term issues like emphysema and pulmonary hypertension (Gough et al., 2014; Vom Hove et al., 2014).
MSCs have emerged as a promising candidate for BPD therapy due to their capacity for self-renewal, high proliferative potential, and ability to differentiate into cell types of mesodermal lineage (Thebaud et al., 2021). They also have immunomodulatory properties that allow allogeneic transplantation. Several clinical trials have evaluated MSC therapy in BPD patients. Intratracheal or intravenous MSC administration has decreased pro-inflammatory cytokines in tracheal aspirates, improved alveolarization, and reduced BPD severity (Alvarez-Fuente et al., 2018). While initially, it was thought that MSCs engrafted and differentiated directly into damaged lung tissue, recent evidence indicates paracrine signaling is the primary mechanism of action. Several recent studies have shown that MSCs communicate with other cells through paracrine signaling (Di Bernardo et al., 2014; Obendorf et al., 2020). MSC paracrine signaling of anti-apoptotic, anti-inflammatory, and pro-angiogenic bioactive substances to the microenvironment through extracellular vesicles (EVs) is thought to be the primary means of communication between MSCs and injured lung tissue (Lai et al., 2010; Aliotta et al., 2016; Reiter et al., 2017; Varkouhi et al., 2019; Varderidou-Minasian and Lorenowicz, 2020; Hao et al., 2022; Xiong et al., 2023). In particular, MSC-derived EVs like exosomes and endosomes have emerged as critical intercellular communicators that can reprogram damaged cells through the transfer of bioactive cargo (Jadli et al., 2020). MSC-EVs have been found to enhance cell proliferation, inhibit apoptosis, stimulate cell migration, modulate differentiation, promote angiogenesis, regulate immune responses, suppress inflammation, improve mitochondrial function, and attenuate oxidative stress. By orchestrating these diverse restorative effects in the damaged neonatal lung, MSC-EV therapies may alleviate structural and vascular defects associated with arrested alveolarization and dysregulated vascular development in BPD (Mansouri et al., 2019; Abele et al., 2022; Sharma et al., 2022).
The mitochondria are essential to the normal development and function of lung cells, including the regulation of metabolism, growth, differentiation, and injury responses (Zhang Y. et al., 2022). Bronchopulmonary dysplasia is associated with defects in mitochondrial structure, dynamics, DNA integrity, and oxidative metabolism (Xuefei et al., 2021). MSC therapy has been shown to alleviate mitochondrial dysfunction in BPD animal models, leading to improved alveolar and lung vascular growth (Islam et al., 2012; Dutra Silva et al., 2021). There is emerging evidence that mesenchymal stem cells (MSCs) can directly donate healthy mitochondria to damaged lung cells to restore mitochondrial function (Willis et al., 2018). In addition, MSCs could stimulate mitochondrial replication in injured lung cells through paracrine signaling molecules and extracellular vesicles (Phinney et al., 2015; Willis et al., 2018). Thus, MSCs may help resolve detrimental inflammation that can further impair mitochondrial and cellular function in lung cells injured by disease. By understanding how MSCs transfer mitochondria, promote mitochondrial biogenesis, and reduce mitochondrial inflammation, new therapeutic approaches may be developed to treat respiratory diseases and injuries caused by mitochondrial dysfunction.
This article explores the multifaceted role that MSCs play in lung development and disease. Additionally, we will provide an overview of current knowledge on the effectiveness of MSC therapy in treating BPD and shed light on the mechanisms driving this approach.
2 THE ROLE OF MESENCHYMAL STEM CELLS IN MAMMALIAN LUNG DEVELOPMENT
Mammalian lung development is precisely controlled by dynamic epithelial-mesenchymal interactions (Morrisey and Hogan, 2010). By controlling epithelial differentiation and function, MSCs play an essential role in lung morphogenesis and homeostasis (Driscoll et al., 2012). Through paracrine signaling, MSCs also secrete growth factors that influence lung development.
2.1 Lung MSC origins and characteristics
During embryogenesis, lung MSCs originate from the splanchnic mesoderm and undergo proliferation and differentiation into specialized mesenchymal cells (Cardoso and Lu, 2006). These lung MSCs exhibit clonogenicity, self-renewal, and multidifferentiation potential into mesodermal lineages (Jarvinen et al., 2008). Several studies have highlighted the intimate relationship between MSCs and their mitochondria. A healthy and efficient mitochondrial system is critical for optimizing MSCs (Forni et al., 2016). MSCs undergo rapid proliferation and differentiation during lung development, requiring mitochondrial energy. As differentiation proceeds, mitochondria undergo a metabolic shift toward OXPHOS, indicating their essential role in MSC maturation (Pattappa et al., 2011). For instance, during the differentiation of bone marrow mesenchymal stromal cells (BMSCs), mitochondrial length increased along with decreased DLP1 protein levels and increased OPA1 protein levels; this indicates a shift toward mitochondrial fusion, which maintains BMSC stemness (Feng et al., 2019). MSC differentiation can be hampered by dysfunctional mitochondria, characterized by decreased membrane potential, impaired OXPHOS, and increased ROS (Chen et al., 2008). Another fascinating aspect is MSCs’ ability to transfer mitochondria. As a result of mitochondrial transfer from MSCs to damaged cells, the recipient cells are more likely to be repaired and recovered (Islam et al., 2012). The mechanism may be instrumental in repairing lung injuries and preserving lung health.
2.2 MSCs in lung branching morphogenesis
In the surrounding mesenchyme of the bronchi, mesenchymal progenitors contribute to the differentiation of smooth muscle and endothelial cells. Mitochondrial capacity and ATP production in the mesenchyme were disrupted, resulting in MSC absence and impaired airway branching (Zhang K. et al., 2022). Conducting airways are formed by dichotomous branching morphogenesis triggered by inductive signals from the distal lung mesenchyme, such as fibroblast growth factor 10 (FGF10) (Bellusci et al., 1997). MSCs provide key signals regulating this process. Deletion of β-catenin in lung MSCs disrupted airway branching (De Langhe et al., 2008). Also, Wnt signaling in MSCs regulated FGF10 expression and epithelial branching (Shu et al., 2005). Sonic hedgehog (SHH) signaling in MSCs similarly regulates airway patterning (Ikonomou et al., 2020). Intriguingly, disrupting mitochondrial dynamics in the mesenchyme impaired airway branching (Liu et al., 2021). Crosstalk between mitochondrial networks and other cell signaling pathways that regulate MSC growth, migration, and paracrine signaling during branching morphogenesis is of particular interest.
2.3 MSCs in alveolar development and regeneration
Mesenchymal cells secrete VEGF, TGF-β, and FGFs, influencing alveolar differentiation, proliferation, and formation. The ablation of FGF10 from MSCs impaired alveolar formation (Volckaert et al., 2013). Paracrine signals such as SHH and VEGF regulate MSC differentiation of alveolar epithelial cells (Liu J. et al., 2022). Depleting lung MSCs post-pneumonectomy severely compromised compensatory alveolar regeneration (Zhen et al., 2008). A key role in alveolar formation is played by mesenchymal mitochondrial activity and distribution regulated by mTORC1 pathway. Therefore, MSCs are essential for alveolar development and regeneration after injury. Much is still to be learned about how modulating mitochondrial biogenesis, dynamics, and mitophagy in lung MSCs impacts alveolar epithelial cell growth, differentiation, and matrix production during alveolarization.
2.4 MSCs in vascular development
The mesenchyme layer and cells exhibit high VEGF, stimulating hemangioblasts to form blood pools (Greenberg et al., 2002). Deleting β-catenin in lung MSCs disrupted vascular patterning (De Langhe et al., 2008). Consequently, MSCs provide the trophic signals necessary for coordinated lung vascular development.
As a result, lung MSCs are crucial for airway branching, alveolarization, and vascular development throughout lung morphogenesis. Lung development is orchestrated by the intricate dance between mitochondria and MSCs (Figure 1). Despite our growing understanding over the years, much remains to be explored. Future studies elucidating the molecular and cellular mechanisms underlying their interaction can pave the way for innovative therapeutic strategies in lung medicine.
[image: Figure 1]FIGURE 1 | The role of mesenchymal stem cells in pulmonary development. During embryonic development, lung mesenchymal stem cells (MSCs) arise from the splanchnic mesoderm and subsequently differentiate into specialized mesenchymal lineages through paracrine signaling and mitochondrial regulation to coordinate key processes in lung morphogenesis, including airway branching, alveolarization, and vascular development.
3 INTERACTION BETWEEN MESENCHYMAL STEM CELLS AND BRONCHOPULMONARY DYSPLASIA
Several prenatal risk factors for BPD have been identified, including maternal smoking, hypertension, placental insufficiency, and chorioamnionitis (Klinger et al., 2013; Mizikova and Thebaud, 2023). Placental abnormalities leading to imbalanced pro- and anti-angiogenic signaling may disrupt fetal lung vascular development, significantly impacting BPD susceptibility and severity (Hansen et al., 2010; Ozkan et al., 2012; Torchin et al., 2016; Sucre et al., 2021). Premature infants born during the canalicular and saccular stages of lung development are at highest risk for developing BPD (Jobe, 2011). Endogenous MSCs play a critical role in alveolarization through the tightly regulated processes of alveolar septation and vascularization (Morrisey and Hogan, 2010; Klein, 2021). The decrease or functional impairment in resident stem cells within the lung tissue of infants leads to simplified alveolar architecture and abnormal pulmonary vasculature contributing to BPD (Alphonse et al., 2012; Collins and Thebaud, 2014; Simones et al., 2018).
Extensive research has been conducted on how interference with MSCs and their signaling pathways can result in the onset of BPD. MSCs, similar to fibroblast cells, are found in the mesodermal tissue in adults and fetuses (Anker et al., 2003; Fang et al., 2019). Their presence has been noted in a variety of locations including bone marrow, adipose tissue, lung tissue, the placenta, and the stroma of the umbilical cord (Anker et al., 2003; Igura et al., 2004; Nguyen et al., 2022). BPD treatment methods such as hyperoxia and mechanical ventilation can negatively impact the functionality of the MSCs residing in the lung. Interestingly, these cells are copious in fetal lungs and can be a biomarker for predicting BPD onset when retrieved from tracheal aspirates of prematurely born infants. Growth factor expression involved in alveolar development and repair, such as VEGF and FGF10, is reduced in these MSCs (Mobius et al., 2019).
The precise mechanisms through which endogenous MSCs switch from protecting against BPD to contributing to BPD remain incompletely understood. The MSCs can repair damaged cells by promoting growth and differentiation. For instance, a subset of Dermo1+ endogenous MSCs has been recognized as having the capacity to function as stem cells in regenerating airway epithelial cells during the repair process following LPS-induced acute lung injury (Fang et al., 2019). Current data indicates that paracrine signaling and immune modulation are likely key players in mitigating hyperoxia-induced lung injury. EVs often facilitate paracrine signaling, carrying growth factors such as TGF-β. In a BPD model triggered by hyperoxia, an escalation in TGF-β expression was observed in the lungs, leading to structural changes; this included the multiplication of α-actin-positive myofibroblasts within the alveolar septal wall and the emergence of abnormal alveolar and vascular structures (Luan et al., 2015). Interestingly, when bone marrow stem cells were administered, a considerable decline in TGF-β levels was observed (Luan et al., 2015). These outcomes suggest that TGF-β could stimulate abnormal differentiation of alveolar mesenchymal progenitor cells into myofibroblasts, eventually playing a role in BPD progression. Furthermore, under intrauterine circumstances, human fetal lung MSCs were observed to generate considerable quantities of elastin and sulfated glycosaminoglycans, key constituents required for typical lung development. Examination of the secretome revealed that human fetal lung MSCs could be responsible for secreting molecules essential for angiogenic and inflammatory signaling, such as IL-8, VEGF, angiogenin and angiopoietin-1 (Mobius et al., 2019). Secretome analysis also revealed the existence of molecules that promote epithelial cell maturation and protection, such as keratinocyte growth factor/FGF7, FGF10 and the antioxidant known as stanniocalcin-1. In addition, inflammatory mediators such as monocyte chemotactic protein-1, stromal cell–derived factor-1, IL-6, and the tissue inhibitor of metalloproteinases 1 were also detected (Mobius et al., 2019). Exposing lung MSCs to hyperoxia recapitulated some harmful events associated with post-premature birth, such as cell apoptosis, decreased colony-forming capabilities, and alterations in MSCs’ surface markers. It hindered the secretion of factors crucial for lung growth. These effects may play a part in the development of BPD (Mobius et al., 2019).
In the following section, we delve into the regulatory role of MSCs in the complex pathogenesis of BPD (Table 1), intending to identify potential targets for MSC-based BPD treatments.
TABLE 1 | Effects of decreased and dysfunctional endogenous mesenchymal stem cells on BPD in preclinical experiments.
[image: Table 1]3.1 Oxidative stress
While fetal lungs usually develop in a hypoxic intrauterine environment, BPD is a condition precipitated by premature exposure to hyperoxic conditions at birth, due either to oxygen treatment in efforts to oxygenate the infants sufficiently or simply by exposure to the relative hyperoxic conditions of the atmosphere. This condition subjects infants with extremely low birth weights to oxidative stress (Kimble et al., 2022). Cellular components such as the mitochondria: its DNA, the electron transport chain, and reactive oxygen generation machinery are particularly susceptible to oxidant damage. The function of mitochondria is pivotal in moderating the response to oxidative stress and affects the pluripotency and regenerative potential of MSCs (Paliwal et al., 2018). In a study exploring the correlation between mitochondrial function and the MSC function, electron transport chain complex-IV activity, basal and maximal oxygen consumption rates, spare respiratory capacity, and ATP-linked oxygen consumption rate were reduced. Proton leak was increased in MSCs from extremely low birth weight infants who either perished or developed moderate/severe BPD, compared to MSCs from infants who survived with none to mild BPD (Hazra et al., 2022).
PTEN-induced putative kinase 1 (PINK1) mediated mitophagy is one mechanism cells use to eliminate dysfunctional mitochondria. As a result, oxidative stress-induced mitochondrial dysfunction could lead to MSC depletion, thus obstructing lung development. Another finding described that MSCs from infants who died or developed moderate/severe BPD after O2 treatment showed lower PINK1 expression, implying decreased mitophagy (Hazra et al., 2022). The antioxidant stanniocalcin-1 was also reduced in fetal lung MSCs exposed to hyperoxia (Mobius et al., 2019).
In conclusion, prenatal risk factors for BPD, such as hyperoxic conditions, lead to oxidative stress and MSC dysfunction, which can contribute to BPD’s development and advancement.
3.2 Angiogenesis
Pulmonary microvascular dysplasia is a component of BPD pathogenesis; therefore, fostering pulmonary angiogenesis and enhancing vasculogenesis are crucial objectives to mitigate this dysplasia. Under hyperoxic conditions, it was found that MSCs in the tracheal aspirates of preterm infants’ lungs exhibited reduced expression of growth factors crucial for alveolar development and repair, such as VEGF, FGF10, and angiogenin, through the decrease in SOX-2 and OCT-4 (Mobius et al., 2019). Moreover, the CD146+ MSCs in the lungs exposed to hyperoxia displayed decreased gene expression of notable proangiogenic genes, including FGF9 and IL-6, through SHH signaling (White et al., 2007; Kwon et al., 2014). In a rat model of BPD induced by hyperoxia, the resident lung CD146+ MSCs were found to inhibit rather than promote angiogenesis through the axon guidance signaling (Semaphorins 3A and 3E) (Collins et al., 2018). Consequently, BPD insults prompt alterations in angiogenic pathways, which result in an MSC phenotype with aberrant microvascular development, a key characteristic of BPD pathogenesis (Alvira, 2016).
An investigation involving hyperoxia-induced BPD in rodent models reported decreased endothelial progenitor cells within the bloodstream, lungs, and bone marrow (Balasubramaniam et al., 2007). Endothelial progenitor cells, also called endothelial colony-forming cells, are required for vasculogenesis in the developing lung and are associated with the support and maturation of endothelial progenitor cells. Crucial to the regional specialization of embryonic lung tissue, MSCs at the outer edge of branching epithelium are noted for producing FGF10, a vital element in the signaling interplay involving BMP, Wnt, and sonic hedgehog pathways that direct the differentiation of epithelial stem/progenitors during lung development (Morrisey and Hogan, 2010). In vitro studies have shown that MSCs substantially support the growth and differentiation of epithelial stem cells (McQualter et al., 2010). Further highlighting this critical microenvironmental association, recent in vivo research employing the naphthalene injury model showed that parabronchial mesenchymal cells discharge FGF10 to stimulate epithelial regeneration in the remaining progenitor cells (McQualter et al., 2010). These findings support the theory that a reduction in MSCs or malfunctioning MSCs might cause the hindered growth of endothelial progenitor cells and affect their angiogenic supportive capacity, thereby contributing to the onset of BPD.
3.3 Inflammation
Inflammatory imbalance plays a significant role in the development of BPD. Various immune regulatory attributes have been credited to MSCs from different tissue origins, contributing to tissue regeneration, cell death prevention, tissue fibrosis inhibition, and the reduction of tissue damage (Li et al., 2019). MSCs isolated from the tracheal aspirates of preterm infants show a propensity towards inflammation, secreting increased levels of pro-inflammatory cytokines like CXCL-1, IL-6, and IL-8 and decreased anti-fibrotic factor levels of CXCL1/GRO-α and HGF, possibly through dysregulated FoxF1, Wnt5a, and Tbx3 signaling (Bozyk et al., 2011). Traditional pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, and IL-8 trigger comparable changes in MSCs derived from preterm infants with severe BPD. NFκB targeting was observed to reverse this pro-inflammatory tendency (Reicherzer et al., 2018). In the lungs of infants suffering from BPD, it was discovered that thicker alveolar walls were linked with a scarcity of PDGFR-α-positive cells in the malformed alveolar septa (Popova et al., 2014). A significant decrease in the volume of PDGFR-α-positive alveolar tips was observed in the lungs of neonatal mice exposed to excess oxygen in another study (Popova et al., 2014). Another study demonstrated enhanced apoptosis in PDGFR-α-positive mesenchymal cells through abrogation of TNF-α-mediated NFκB signaling and primarily influenced by TGF-β1 signaling (Ehrhardt et al., 2016). The authors concluded that this phenomenon explained much of the amplified lung damage during mechanical ventilation (Ehrhardt et al., 2016).
Alveolar macrophages, responsible for maintaining a balanced immune response in the lung, react to changing environmental conditions in various ways, often simplified into anti-inflammatory and pro-inflammatory effects. Hyperoxia, a prevalent condition in BPD supportive care, can damage alveolar macrophages. PGE2, a substance secreted by MSCs, plays a pivotal role in the bioenergetic shift in macrophages, increasing anti-inflammatory activation and decreasing pro-inflammatory activation through AMPK activity/SIRTUIN 1 signaling (Vasandan et al., 2016). Levels of prostaglandin E2 were found to be reduced in hyperoxia–exposed fetal lung MSCs (Mobius et al., 2019). Consequently, the decrease in anti-inflammatory MSCs or the impairment of their anti-inflammatory function contributes to the pathogenesis of BPD.
4 STEM CELL-BASED BPD PRECLINICAL TREATMENTS
4.1 In vivo studies
Studies using animal models continue to refine the use of MSCs in therapeutic strategies. The potential of MSCs to restore normal lung function has sparked a desire to understand their interplay with damaged lung tissue. As discussed, MSCs act through paracrine signaling, with EVs playing an essential role in this mechanism (Figure 2). The EVs are between 30 and 1000 nm in size and are secreted by most cell types. After binding and internalization, they initiate signal transduction in target cells (Omar et al., 2022). Typically, they arise from multivesicular bodies whose plasma membranes are budding inward. The EVs contain cytokines, proteins, mRNA, microRNAs, DNA, lipids, metabolites and even mitochondria from the parent cells. Several mechanisms can enable EVs to transfer their molecular cargo when released, including fusing with target cell membranes or being endocytosed (Jadli et al., 2020). EVs can modulate recipient cells, affecting immunity, development, homeostasis, and disease pathogenesis. Preconditioning MSCs in vitro can enhance the regenerative capacity of secreted EVs. MSC-EVs can also be enhanced therapeutically by bioengineering or genetic modification (Figure 2). By optimizing EV production protocols and delivery strategies, MSC-EV therapy for BPD may be translated into clinical practice. A better understanding of MSC-EV cargo and underlying mechanisms of lung repair will facilitate the development of more potent acellular treatments. Several studies have found that MSC-EVs have protective effects on the lung by blocking inflammation, improving lung function, and reducing pulmonary hypertension (Mansouri et al., 2019; Abele et al., 2022; Sharma et al., 2022). A recent study discovered that MSCs release several growth factors linked to angiogenesis, predominantly VEGF, stored in EVs, particularly exosomes (Xi et al., 2022); this suggests a potential method for MSC-exosomes to increase VEGF-driven angiogenesis in BPD treatment (Xi et al., 2022). An experimental study evaluating a hyperoxia-induced BPD rat model compared the protective effects of intratracheally administered MSCs versus EVs to ascertain the differences between MSC and MSC-derived extracellular vesicle administration. The study found that both MSCs and MSC-EVs alleviated hyperoxia-induced damage, but MSC-EVs achieved superior outcomes regarding alveolarization and lung vascularization (Braun et al., 2018; Moreira et al., 2020). The benefits of using EVs over MSCs for treatment include easier intratracheal administration, the potential for modifications to enhance the benefits of extracellular vesicle treatment, and the option to freeze-dry (lyophilize) them to preserve their biological activity.
[image: Figure 2]FIGURE 2 | MSC-EVs mediate therapeutic effects in BPD. MSCs predominantly promote lung repair in BPD through paracrine. MSCs release EVs containing bioactive molecules and mitochondria that mitigate injury. In addition, EV isolation offers the potential for cell-free treatment. MSC-EVs are enhanced in their regenerative capacity by pre-conditioning, bioengineering, and genetic modification in vitro. Optimizing EV production and delivery to maximize lung localization may enable clinical translation for treating BPD.
As highlighted earlier, decreased VEGF results in compromised angiogenesis, significantly contributing to BPD development. Extended hyperoxia interrupts normal lung development, a phenomenon linked with abnormal expression of Akt and VEGF (You et al., 2020). A study on a hyperoxia-induced rat model of BPD found that the expressions of phosphorylated Akt and VEGF-A significantly increased following treatment with small EVs derived from human umbilical cord mesenchymal stem cells. At the same time, PTEN and cleaved caspase-3 expression were found to negatively correlate with phosphorylated AKT in the lungs after treatment with these small EVs (You et al., 2020). PTEN functions as the primary regulator of Akt, and it has been documented that the signaling pathway involving PTEN and Akt governs cellular growth, programmed cell death (apoptosis), and the formation of new blood vessels (angiogenesis). Therefore, these findings suggest that small EVs, derived from human umbilical cord mesenchymal stem cells, boost pulmonary alveolarization and angiogenesis to counteract BPD through suppressing PTEN and activating Akt/VEGF pathway.
Research into the paracrine signaling of MSCs via EVs has been paralleled by studies delving into microRNA. One study examined the effect of bone marrow-derived MSCs on microRNA (miR) in a trial involving newborn mice. MiRs, non-coding RNAs of 21–25 nucleotides in length, have roles in several biological processes, including cell proliferation, cell death, resistance to stress, and tumorigenesis. MiR-206 is known to be downregulated in both patients with BPD and newborn mice. Previous research has highlighted the role of miR-206 in BPD by demonstrating its impact on the expression of fibronectin 1. This glycoprotein, a vital component of the extracellular matrix (ECM), plays a crucial role in various biological processes such as cell adhesion and migration, embryonic development, wound repair, cancer metastasis, and immune responses (Zhang et al., 2013). Bone marrow-derived MSCs, when transfected with miR-206, showed functional regulation by enhancing the expression of surfactant protein C and reducing the levels of inflammatory cytokines such as fibronectin 1, TGF-β1, and IL-6. These changes led to a reduction in lung fluid accumulation (pulmonary edema) and an improvement in the formation of alveoli. This finding hints at the potential therapeutic benefits these MSCs might offer in treating BPD (Zhang et al., 2013).
Porzionato et al. (Porzionato et al., 2021) evaluated the protective effects of MSC-derived EVs administered intratracheally using a newborn rat model exposed to hyperoxia for 2 weeks and 4 weeks of recovery. The rats exposed to hyperoxia displayed decreased and expanded distal air spaces, along with sporadic areas of interstitial thickening. The study showed that the treatment with MSC-derived EVs prevented the accumulation of connective or fibrous tissue in the lung parenchyma and sustained the presence of CD163-positive macrophages in hyperoxia-exposed rats, compared to those maintained in normoxic conditions (Porzionato et al., 2021). The treatment did not decrease the total macrophage population but influenced the balance between pro-inflammatory and anti-inflammatory macrophages. Anti-inflammatory macrophages, identified by CD163, have been shown to facilitate alveolarization during normal lung development. The study disclosed that extracellular vesicle treatment averted a decline in the density of interstitial alveolar CD163+ macrophages in rats exposed to hyperoxia (Porzionato et al., 2021). Despite the theoretical benefit of preventing a decrease in CD163+ cells through extracellular vesicle treatment, ongoing damage might still cause these macrophages to stimulate excessive ECM deposition by activating resident fibroblasts via the release of pro-fibrotic factors (Porzionato et al., 2021); this implies additional mechanisms play a part in the anti-fibrotic effect of MSC-EVs, necessitating further research.
A recent study shows that MSC-derived extracellular vesicles can reshape the lung macrophage profile, reducing inflammation and immune reactions to counteract BPD caused by hyperoxia (Willis et al., 2018). The role of MSCs extends beyond paracrine processes (such as carriers of 150-nm exosomes). Alternatively, more giant vesicles (over 500 nm wide) or direct connections between cells might carry more intricate structures, such as mitochondria (Willis et al., 2018). Mitochondria’s potential role in MSC action could pave the way for more refined, effective MSC therapies for BPD.
4.2 In vitro studies
The study of placental mesenchymal stem cells (PMSCs) has grown in recent years due to their application in various physiological and pathological conditions. Numerous benefits can be gained from PMSCs, including their multipotency and immunomodulatory capabilities. In contrast to embryonic stem cells, PMSCs can be harvested from young donors in large quantities, overcoming ethical concerns associated with embryonic stem cells (Mathew et al., 2020; Zhang Y. et al., 2022). In an ex-vivo fetal lung culture model, PMSCs exert more effective stimulation on perinatal lung morphogenesis than BMSCs (Di Bernardo et al., 2014); this suggests PMSCs are excellent candidates for regenerative medicine, enabling their extensive use in various stem cell therapy studies. PMSCs have shown the capacity to preserve expanded umbilical cord blood CD34+ cells during cryopreservation, enhancing the recovery, survival, and functionality of these cells upon revival; this is achieved through the reduction of oxidative stress. Interestingly, PMSCs have outperformed cord MSCs in providing cryoprotection to the umbilical cord blood cells (Kadekar et al., 2016). A recent study found that co-cultivation with PMSCs boosted ATP production in trophoblasts by regulating calcium channel expression and inducing mild oxidative stress (Seok et al., 2020). Moreover, exosomes derived from human placenta choriodecidual membrane-derived mesenchymal stem cells significantly mitigated LPS-induced lipid peroxidation and apoptosis in the lung (Seok et al., 2020). These studies suggest that PMSC may help treat the cellular metabolic alterations associated with BPD. However, further research is required to explore the regulatory role of PMSCs in oxidative stress and mitochondrial function in the context of BPD development and treatment. Mass augmenting mitochondrial function and electron transport chain complexes could contribute to the therapeutic efficacy of MSCs, a concept currently under evaluation in clinical trials.
Another provocative finding is that the conditioned medium from PMSCs has been found to contain both factors that stimulate and inhibit angiogenesis, aiding the enhancement of endothelial tube formation. It was observed that endothelial cells take in exosomes from PMSCs, which promotes the formation and migration of tubes and enhances the expression of genes linked to angiogenesis, leading to better angiogenesis in vivo (Komaki et al., 2017). Growing attention is being focused on the possible role of PMSCs in influencing angiogenesis in the progression and treatment of BPD. Notably, PMSCs display ease of propagation and superior immunoregulatory attributes, rendering them an appealing treatment option for diseases linked with inflammation in the future (Wu et al., 2017). Studies have shown that human PMSCs can counteract the polarization of pro-inflammatory macrophages and release pro-inflammatory cytokines triggered by LPS by modulating TLR4 expression and the NF-κB signaling pathway (Liu Y. et al., 2022). Therefore, in the landscape of BPD, immune cells may represent promising targets for therapeutic interventions employing PMSC-derived EVs.
5 STEM CELL-BASED BPD CLINICAL APPLICATIONS
Numerous preclinical studies have conducted comprehensive experimental studies, leading to a handful of clinical trials currently underway to examine the impact of MSC therapy (Table 2). A pioneering phase I clinical trial was conducted on nine preterm infants, with gestational ages ranging from 23 to 29 weeks, who needed mechanical ventilation within 5–14 days after birth (Ahn et al., 2017). These infants received an intratracheal delivery of either 107 or 2 × 107 MSCs derived from the umbilical cord. This group of infants did not experience any unfavorable events, thus affirming the safety of the MSC treatment administered intratracheally (Ahn et al., 2017). Following this, the same research team reported that the treated infants displayed no deficits in neurological, respiratory, or growth parameters even after 2 years (Ahn et al., 2017). A noteworthy aspect of this phase I clinical trial is its establishment of the safety of intratracheal MSC administration, opening doors for future clinical trials. A different clinical trial investigates the safety and effectiveness of allogeneic human umbilical cord-derived MSCs (hUC-MSCs) delivered intravenously. The dosage was incrementally increased to gather supportive data for the safety of intravenously delivered hUC-MSCs in treating patients with severe BPD. Importantly, this trial is the first to focus on the therapeutic effects of hUC-MSCs in children suffering from severe BPD rather than merely the preventative effects (Wu et al., 2020).
TABLE 2 | Clinical trials targeting MSCs in BPD treatment.
[image: Table 2]A case study recounted the treatment of an extremely premature baby suffering from severe BPD who received MSC therapy (1 × 107 cells/kg/dose) both intratracheally and intravenously on the 78th day after birth. Before the treatment, the baby had been dependent on mechanical ventilation, initially with volume-targeted conventional therapy and later with high-frequency oscillatory ventilation. Despite receiving four doses of surfactant and undergoing two cycles of steroid therapy, the infant showed no improvement (Yilmaz et al., 2021). Following the MSC treatment, no deterioration in blood gas or indications of sepsis were noted, and there were no reported adverse events. The treatment was initiated after detecting chronic changes in the infant’s chest X-ray on the 78th day after birth. It yielded positive results of decreased emphysema and alveolar damage (Yilmaz et al., 2021). This encouraging case study indicates that MSC therapy may offer a promising therapeutic avenue for managing severe BPD in premature babies in the future.
6 PROSPECTS AND CHALLENGES
Mesenchymal stem cells (MSCs) have shown promising potential as a treatment for bronchopulmonary dysplasia (BPD), a chronic lung disease affecting premature infants. MSCs possess immunomodulatory and regenerative capacities that may mitigate lung injury and facilitate repair. However, several challenges must be addressed before MSC therapy can be widely adopted for BPD.
A significant hurdle is the inherent variability of MSCs depending on tissue source. MSCs derived from different donors and adult tissues exhibit differences in proliferative capacity, migratory abilities, cytokine secretion, and other functions relevant to BPD treatment. Standardizing and optimizing MSC-based therapies will require identifying the ideal MSC populations and culture methods tailored to BPD pathology. Factors influencing the localization, survival, and bioactivity of administered MSCs in the injured neonatal lung remain unclear.
Another concern is the potential influence of MSCs on cancer development. While MSCs appear less tumorigenic than other stem cells, their long-term safety requires further investigation, especially in vulnerable neonate populations. Animal studies have not detected tumor growth, but clinical evidence is still lacking.
It is imperative to note that MSCs are not intrinsically immune-privileged, and both autologous and allogeneic ways can stimulate anti-MSC immune responses, which can negatively impact their survival and efficacy. It is crucial to understand these complex dynamics to improve MSC-based therapies.
Additionally, guidelines are needed for identifying patients most likely to benefit from MSC treatment and the optimal administration timeline. Recent trials in ventilated preterm infants suggest efficacy, but more extensive studies are necessary to evaluate long-term outcomes and standardize cell production. Variations in manufacturing processes can alter MSC potency.
Future research should clarify mechanisms underlying MSC-mediated lung repair in BPD, such as paracrine signaling via EVs mitochondria through more giant vesicles (over 500 nm wide) or direct connections between cells. Strategies to enhance MSC engraftment and survival post-transplantation warrant exploration. As MSC therapy for BPD advances, international consensus on cell preparation, characterization, and delivery protocols will enable meaningful comparisons across clinical trials. A precision medicine approach adapting MSC therapy to each patient’s disease phenotype may prove optimal.
7 CONCLUSION
Bronchopulmonary dysplasia (BPD) is a chronic pulmonary disease that affects preterm infants, and its prevalence is increasing due to improved survival rates among this at-risk group. This condition arises from various factors, including maternal health, prenatal environment, and modern treatments for preterm babies, such as mechanical ventilation. Recent experimental studies have increased our understanding of the underlying pathogenetic mechanisms of BPD and revealed potential therapeutic targets. As BPD primarily manifests as a functional decline and reduction in lung stem cell populations, the prospect of replenishing and regenerating these cells could be crucial to its treatment. Recent clinical trials have validated the safety and effectiveness of MSC transplantation, with outcomes including a reduction in inflammation, mitochondrial oxidative stress, lung damage, and fibrosis. MSC-based therapy holds significant promise for promoting lung repair and regeneration in BPD. Realizing the full potential of MSCs will require systematic preclinical studies to elucidate mechanisms, optimize treatment protocols, and assess long-term safety. Well-designed clinical trials are needed to evaluate different MSC sources, combination therapies, and cell-free approaches. If critical challenges are addressed, MSCs could become an effective treatment for this debilitating developmental lung disease.
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Cardiovascular diseases (CVDs) are one of the primary causes of mortality worldwide. An optimal mitochondrial function is central to supplying tissues with high energy demand, such as the cardiovascular system. In addition to producing ATP as a power source, mitochondria are also heavily involved in adaptation to environmental stress and fine-tuning tissue functions. Mitochondrial quality control (MQC) through fission, fusion, mitophagy, and biogenesis ensures the clearance of dysfunctional mitochondria and preserves mitochondrial homeostasis in cardiovascular tissues. Furthermore, mitochondria generate reactive oxygen species (ROS), which trigger the production of pro-inflammatory cytokines and regulate cell survival. Mitochondrial dysfunction has been implicated in multiple CVDs, including ischemia-reperfusion (I/R), atherosclerosis, heart failure, cardiac hypertrophy, hypertension, diabetic and genetic cardiomyopathies, and Kawasaki Disease (KD). Thus, MQC is pivotal in promoting cardiovascular health. Here, we outline the mechanisms of MQC and discuss the current literature on mitochondrial adaptation in CVDs.
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1 INTRODUCTION
Mitochondria are central signaling hubs for eukaryotic cells involved in metabolism, inflammation, calcium regulation, and cell death (Figure 1) (Galluzzi et al., 2012; Lopez-Crisosto et al., 2017; Mehta et al., 2017; Galluzzi et al., 2018). Mitochondria are double membrane organelles consisting of an outer (OMM) and an inner mitochondrial membrane (IMM), both delimiting an intermembrane space (Figure 1). The IMM folds inwards, forming crests (cristae), which increase the surface area available for mitochondrial reactions (Protasoni and Zeviani, 2021) (Figure 1). Through the breakdown of carbohydrates and fatty acids and the production of adenosine triphosphate (ATP) via oxidative phosphorylation (OXPHOS), mitochondria are the primary source of energy for eukaryotic cells (Madeira, 2018). This process is mediated by products from the tricarboxylic acid cycle (TCA cycle) entering the mitochondrial electron transport chain (ETC), a group of proteins located in the IMM (Figure 1) (Martínez-Reyes and Chandel, 2020). Eleven ETC subunits are encoded in mitochondria’s circular DNA (mtDNA) and are crucial to correctly assembling these complexes (Vercellino and Sazanov, 2022). The remaining ETC subunits are encoded by the nuclear DNA and imported into the mitochondria (Yan et al., 2019) (Figure 1). Mitochondria are also involved in ROS production and communicate with other organelles, such as the endoplasmic reticulum (ER), via channels and pores, allowing metabolites and protein transport (Figure 1). Mitochondria are a highly dynamic network of organelles, strictly regulated by mitochondrial quality control mechanisms (MQC) (Ni et al., 2015). Due to cardiac tissues’ elevated energy requirement, maintenance of cardiovascular homeostasis is heavily dependent on mitochondrial quality. Indeed, cardiomyocytes utilize the ATP that mitochondria produce from carbohydrates and fatty acid-driven oxidative phosphorylation. Therefore, mitochondrial dysfunction affects cardiomyocytes’ function and contractility. Calcium levels are also central to cardiac activity. Calcium storage and regulation by mitochondria and the ER modulate cardiac function and impact electrical conduction (Lai and Qiu, 2020). Damaged or dysfunctional mitochondria are constantly eliminated via a mitochondria-specific degradation machinery, known as mitophagy (Sica et al., 2015; Harper et al., 2018). When mitophagy is dysregulated, damaged mitochondria accumulate inside cardiomyocytes, vascular smooth muscle cells (VSMCs), and endothelial cells, which can trigger inflammatory responses. Severe mitochondrial dysfunction and lack of clearance of damaged mitochondria can also initiate cell death and lead to tissue damage or loss (Hu et al., 2015; Amgalan et al., 2017; Gisterå and Hansson, 2017). Therefore, perturbations in mitochondrial quality promote the pathogenesis of CVDs, including ischemia/reperfusion, hypertension, atherosclerosis, heart failure, diabetic and genetic cardiomyopathies, and Kawasaki Disease (KD) (Bravo-San Pedro et al., 2017; Suomalainen and Battersby, 2018). Herein, we discuss several pathways related to mitochondrial metabolism and dynamics, how aged and dysfunctional mitochondria are eliminated, how new mitochondria are produced, and the importance of MQC to several CVDs.
[image: Figure 1]FIGURE 1 | Mitochondrial structure. Mitochondria are double-membraned organelles with cristae formation. Mitochondria functioning is central for bioenergetic activities, producing ATP, an important source of ROS production. Mitochondria have several channels and pores to allow for metabolite and protein import, pivotal for inter-organelle communication. Part of ETC subunits are encoded in mitochondria’s circular DNA, named mtDNA. TCA cycle that produces important electron carriers for ETC, as well as ATP, and resides on the IMM. mtROS, mitochondrial reactive oxygen species; ETC, electron transport chain; mtDNA, mitochondrial DNA; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; mPTP, mitochondrial permeability transition pore; VDAC, voltage-dependent anion channel.
2 MITOCHONDRIAL METABOLISM AND FUNCTION
2.1 Tricarboxylic acid (TCA) cycle
The Tricarboxylic acid (TCA) cycle (citric acid cycle or Krebs cycle) comprises a series of reactions occurring in the mitochondrial matrix, involving numerous substrates crucial to cellular metabolism (Figure 1). Metabolites of the TCA cycle regulate cellular function. They are necessary for the biosynthesis of lipids, nucleotides, and proteins (McDonnell et al., 2016), as well as chromatin modifications, DNA methylation, and post-translational protein modifications (Wellen et al., 2009; Moussaieff et al., 2015). The TCA cycle is initiated by a reaction that produces six-carbon citrate from two-carbon acetyl-CoA. Acetyl-CoA is generated from the oxidation of amino acids, glucose, fatty acids, or pyruvate (Figure 2). Acetyl-CoA combines with a four-carbon oxaloacetate molecule to yield citrate, which initiates the TCA cycle (Figure 2). Then, the oxidative decarboxylation of citrate isomer, isocitrate, forms α-ketoglutarate, a five-carbon molecule. Conversion of α-ketoglutarate to succinyl-CoA, a four-carbon molecule, yields two carbon dioxide (CO2) and two nicotinamide adenine dinucleotide (NADH or NAD+) molecules. Succinyl-CoA is then converted into succinate-producing GTP, which can later be converted into ATP (Shi and Tu, 2015; Martínez-Reyes et al., 2016). Oxidation of succinate to four-carbon fumarate transfers two hydrogens to flavin adenine dinucleotide (FAD), forming FADH2 (hydroquinone form). Lastly, fumarate is converted to malate and oxaloacetate, forming acetyl-CoA to proceed with the cycle (Martínez-Reyes and Chandel, 2020) (Figure 2). As detailed in the next section, byproducts NADH and FADH2 from the TCA cycle are essential electron donors for mitochondrial OXPHOS (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic of mitochondria electron transport chain (ETC) and Oxidative phosphorylation (OXPHOS). ETC comprises four complexes that reside in the inner mitochondrial membrane that leads to the production of ATP. The TCA cycle is the source of NADH and FADH2, which are required for electron transport between the complexes, finalized by the production of ATP at the last step.
2.2 Oxidative phosphorylation (OXPHOS)
Four transmembrane complexes form the ETC. These complexes use cytochrome c and ubiquinone to transfer electrons through the IMM, where the ETC is located (Figure 2). ETC complexes form hetero-, or homodimers called super-complexes to optimize their functioning (Iwata et al., 1998; Guo et al., 2017). Together with ATP synthase, these complexes form the OXPHOS system in the mitochondrial inner membrane (Figure 2).
The ETC is fueled by electrons supplied via by-products from the TCA cycle that are transferred to oxygen (O2), a process that also results in the formation of a proton gradient in the mitochondrial intermembrane space and the production of ATP (Martínez-Reyes et al., 2016). More specifically, byproducts of the TCA cycle, NADH and FADH2, are electron sources for Complex I (NADH: ubiquinone oxidoreductase) or Complex II (succinate dehydrogenase), respectively (Figure 2). Transfer of electrons from NADH to Complex I is achieved by ubiquinone (CoQ) and requires co-factors flavin-mononucleotide (FMN) and iron-sulfur (FeS) clusters, where CoQ is reduced to ubiquinol (QH2). Transfer of electrons to Complex I promotes the pumping of four protons into the mitochondria intermembrane space by Complex I. Electrons from FADH2 are conveyed to CoQ, with the co-factor FeS, and ultimately transferred to Complex II. Electrons entering the ETC are transferred to Complex III (coenzyme Q: cytochrome c reductase) via the oxidation of QH2 and the activity of the 2Fe-2S cluster. Electrons are then transferred to Cytochrome c, which releases two more protons into the mitochondrial intermembrane space. Cytochrome c is a mobile electron carrier that cargoes electrons from Complex III to Complex IV (cytochrome c oxidase). Complex IV comprises three subunits: I, II, and III. Subunit II interacts with reduced cytochrome c, transferring electrons to subunit I. This transfer also causes O2 to bind to Complex IV, which is reduced to water. Complex IV pumps protons from the mitochondrial matrix; some of them go into the intermembrane space and contribute to the proton gradient, while the remaining protons are used to form water molecules. The use of O2 for this process is known as the mitochondrial respiration (Fernie et al., 2004; Guo et al., 2018; Zhao et al., 2019; Vercellino and Sazanov, 2022).
As a result of the electron transport process, ten protons are pumped from the mitochondrial matrix into the intermembrane space where a proton gradient is built, which is the basis for the mitochondrial membrane potential (ΔΨ) (Figure 2) (Zorova et al., 2018). As the last step of oxidative phosphorylation, ATP synthase uses the proton motive force (Δp), the combination of ΔΨ and proton concentration, to produce ATP. More specifically, Δp couples electron transport from the other complexes to the activity of ATP synthase. ATP synthase consists of an extra-membranous (F1) and a transmembrane (F0) domain, which functions with a rotational mechanism to produce ATP. At the last step of OXPHOS, protons pumped to the intermembrane space return to the mitochondrial matrix through F0, dispersing the proton gradient. This allows for the rotation of ATP synthase, which induces the addition of phosphate to ADP to form ATP (Figure 2) (Reid et al., 1966; Capaldi and Aggeler, 2002; Harrington et al., 2023).
2.3 Mitochondrial reactive oxygen species (ROS) production, detoxification, and mtDNA damage
The process of electron transfer between the ETC complexes could be more efficient. Protons may leak and migrate into the mitochondrial matrix, which results in incomplete coupling of O2 with no ATP production (Cheng et al., 2017). Electrons may also leak and exit the ETC before being converted into water from Complex I and III, resulting in reduced O2 and increased production of reactive oxygen species (ROS) (Cheng et al., 2017). Mitochondria are a significant source of ROS, which can damage mitochondria and result in cell death when produced at high concentrations or act as a signaling molecule when made at low concentrations (Murphy et al., 2016). ROS comprises superoxide anion (O2•-), hydroxyl radical (•OH), and hydrogen peroxide (H2O2). Reduction of O2 by one electron causes the formation of O2•- and can be dismutated to H2O2 (Murphy, 2009; Cadenas, 2018). Complex II has also been shown to be involved in ROS production as it performs a reverse transfer of electrons from succinate to ubiquinone and back to Complex I, a ROS production site (Liu et al., 2002; Yankovskaya et al., 2003). Various other mitochondrial enzymes also contribute to mitochondrial ROS production. Oxidation of lipids by acyl-CoA dehydrogenase or glycerol-α-phosphate dehydrogenase yields mitochondrial ROS in the tissues (St-Pierre et al., 2002; Lambertucci et al., 2008). In addition, the TCA cycle enzymes pyruvate and α-ketoglutarate dehydrogenase also increase mitochondrial ROS production (Starkov et al., 2004).
Voltage-dependent anion channels (VDACs) are OMM proteins that form aqueous pores to exchange metabolites (Colombini et al., 1996). There are three VDAC isoforms (VDAC1, 2, and 3), which are very similar in sequence and are expressed in cardiac tissue cells but have diverse functions (Zinghirino et al., 2021). VDAC1 and 2 play a role in mitochondrial bioenergetics and mitochondrial apoptotic pathways (Ravi et al., 2021). Nuclear-encoded proteins are responsible for modulating the redox state, and VDACs can sense the imbalance in the redox state in the mitochondria (Storz et al., 2005). It has been suggested that VDAC3 is a sensor of mtROS and VDAC1 is involved in ROS-induced apoptotic pathways (Brahimi-Horn et al., 2015; Reina et al., 2016). VDAC1 also partakes in the translocation of O2•- to the cytosol from the mitochondria (Han et al., 2003). Furthermore, VDAC3 has also been shown as a target of ROS produced by Complex III of the ETC in mitochondria isolated from rat hearts (Bleier et al., 2015). In support of this, mice lacking VDAC3 have elevated mtROS production after being fed a high-salt diet (Zou et al., 2018). Similarly, a recent study showed that the absence of VDAC3 in human cells results in elevated ROS production and an increase in the ROS scavenging system to cope with oxidative stress, hinting at the protective effects of VDAC3 during oxidative damage. Additionally, the same study showed that VDAC3 deletion suppresses mitochondrial biogenesis (Reina et al., 2022).
O2•- can react with nitric oxide (NO) that produces reactive nitrogen species (RNS). NO is critical during inflammation and acts as a pro-inflammatory mediator by promoting neutrophil accumulation, downregulation of adhesion molecules, and upregulation of apoptosis at high concentrations (Albina et al., 1991; Lu et al., 1996; Shin et al., 1996). NO also boosts vasodilatation in the cardiovascular system and activates macrophages (Coleman, 2001).
Numerous enzymes manage ROS detoxification and convert these byproducts into less reactive forms (Dubois-Deruy et al., 2020). O2•- is very reactive and exhibits a short half-life, as it is constantly converted to H2O2 by mitochondrial manganese superoxide dismutase (MnSOD). H2O2 is less reactive and can diffuse out of the mitochondria as a cytosolic messenger (Giorgio et al., 2007; Candas and Li, 2014). Catalases detoxify H2O2 (Sepasi Tehrani and Moosavi-Movahedi, 2018). These Fe-heme-containing enzymes catalyze hydrogen peroxide into water and oxygen, mainly in the cytoplasmic peroxisomes (Kirkman and Gaetani, 2007). Glutathione peroxidases (GPx) and peroxiredoxins (Prx) are also involved in the breakdown of hydrogen peroxide. Glutathione is a co-factor and an electron donor for GPx. Prx is mainly located in the mitochondria, and like GPx, it converts H2O2 to water (Forman et al., 2009; Murphy, 2009; Forkink et al., 2010; Hossain et al., 2015).
ROS production can affect mtDNA integrity and lead to mtDNA damage. ROS production site is close to mtDNA in the IMM (Sampath, 2014). Importantly, mtDNA replication occurs in an asymmetric route, where heavy strands are left single-stranded, causing spontaneous deamination on the exposed nucleotides (Tanaka and Ozawa, 1994; Reyes et al., 1998). ROS-induced mtDNA damage causes missense mutations, deletions, or base substitutions, jeopardizing mtDNA integrity and mitochondrial functioning (Richter et al., 1988; Yakes and Van Houten, 1997). Numerous mtDNA repair pathways are used by the mitochondria, which take advantage of genomic DNA repair mechanisms (Kazak et al., 2012; Stein and Sia, 2017). The base excision repair (BER) pathway is the primary mechanism for mtDNA repair. Overall, BER eliminates oxidized, deaminated, or methylated bases, single-strand breaks, and alkylation damage (Sykora et al., 2012; Krokan and Bjørås, 2013). BER is a multi-step process that involves 1) recognition and removal of the target bases, 2) removal of abasic site, 3) end processing/gap filling, and finally, 4) DNA ligation (Jacobs and Schär, 2012). DNA glycosylases recognize and remove damaged DNA, and mitochondrial glycosylases include Uracil DNA glycosylase (UNG), 8-Oxoguanine DNA glycosylase (OGG1), and Nei-like DNA glycosylase 1 (NEIL1) (Hu et al., 2005). When damaged mtDNA accumulates, this interferes with the OXPHOS functioning (Ma et al., 2020). Consequently, mitophagy pathways are activated to clear defective mitochondria.
2.4 mtDNA mutations
Mutations of mtDNA itself or nuclear genes that encode for mitochondrial proteins can lead to perturbations in mitochondrial functioning and cause mitochondrial diseases (Russell et al., 2020). These mutations can include point mutations and rearrangements in mtDNA. Point mutations can alter genes that encode proteins, transfer RNA (tRNA) or ribosomal RNA (rRNA) and are inherited maternally (Pereira et al., 2021). Rearrangements of mtDNA are usually deletions or duplications and can either be inherited maternally or occur de novo (Chinnery and Hudson, 2013). Mutations that arise on nuclear genes that encode mitochondrial proteins can be inherited as X-linked, autosomal dominant, or autosomal recessive. These mutations usually affect ETC-related nuclear genes, mitochondrial import machinery, mitochondrial translational factors, or CoQ10 biosynthesis (Coenen et al., 2004; MacKenzie and Payne, 2007; Potgieter et al., 2013). Various nuclear-encoded proteins are responsible for maintaining mtDNA, which controls the synthesis of mitochondria deoxyribonucleoside triphosphates (dNTPs) and mtDNA replication. Any mutations in these genes may lead to the depletion of dNTPs or deficiency in mtDNA replication, inducing a decrease in the overall levels of mtDNA (El-Hattab and Scaglia, 2013). These mutations result in disturbances in ETC assembly and functioning, ultimately leading to a deficiency in organ ATP production, especially in high-energy-demanding cardiac tissues (Chinnery, 1993). Furthermore, as the OXPHOS system is defective due to mutations of mtDNA or nuclear DNA, NADH accumulates, blocking the TCA cycle and favoring the production of lactate from pyruvate, resulting in elevated levels of lactate that interferes with proper cardiac tissue functioning (El-Hattab and Scaglia, 2013). Cells can have identical mtDNA (homoplasmy), as well as a combination of different types (heteroplasmy) (Pereira et al., 2021). Mutations that alter all copies of mtDNA are homoplasmic, whereas mutations that affect certain copies of mtDNA and cause co-existence of normal and mutant mtDNA are called heteroplasmic mutations (Ballana et al., 2008; Stefano et al., 2017). Mitochondria are randomly distributed to the daughter cells during cell division, causing heteroplasmic mtDNA mutations to be inherited by chance. Therefore, mutant mtDNAs can accumulate at different rates in different tissues. Hence, as the mutated mtDNA content increases, energy production decreases, enabling CVDs susceptibility (Saneto and Sedensky, 2013; Gonçalves, 2019).
3 MITOCHONDRIAL QUALITY CONTROL (MQC)
MQC mechanisms are essential to maintain cellular mitochondrial homeostasis. MQC consists of a spectrum of various coordinated pathways. The primary function of MQC mechanisms is to ensure mitochondrial quality and maintain mitochondrial functions by limiting oxidative damage to mitochondria (Picca et al., 2018). ROS scavenging is a crucial first response to oxidative damage, and under physiological conditions, ROS production and detoxification are efficiently maintained (Lennicke and Cochemé, 2021). However, organelle damage can occur if ROS scavenging is insufficient to prevent a proper defense (Richter et al., 1995). ROS generation can also damage mtDNA due to the mitochondria’s inadequate DNA repair system (Druzhyna et al., 2008). At this point, a secondary line of defense is necessary for the mitochondria to continue normal functioning. These MQC mechanisms can be divided into two categories: molecular or organelle-level quality control mechanisms (Ng et al., 2021). Molecular level quality control includes the activation of mitochondrial chaperones, precisely heat shock protein 60 (HSP60), HSP70, and HSP90 (Bahr et al., 2022). These chaperones ensure proper folding of newly synthesized proteins and refolding of damaged ones before they are imported into the mitochondria (Becker and Craig, 1994). When misfolded or damaged proteins accumulate, they must be degraded via the ubiquitin-proteasome system (UPS). However, if the mitochondrial damage cannot be repaired via chaperones or UPS, organelle-level quality control mechanisms come into play, as summarized below (Kwon and Ciechanover, 2017; Jin et al., 2018) (Figure 3).
[image: Figure 3]FIGURE 3 | Mitochondrial quality control (MQC) mechanisms. The master regulator of mitochondrial biogenesis is PGC-1α, which induces NRF1, NRF2, and TFAM expression in the nucleus. Mitochondria life cycle includes fusion, which forms elongated mitochondrial networks, and fission, which creates fragmented mitochondria. MFN1, MFN2, and OPA1 are responsible for the membrane fusion of mitochondria, whereas DRP1, FIS1, and MFF mediate fission. Mitochondria accumulate oxidative damage during their expected lifespan or in the case of CVDs. Fission enables the fragmentation of damaged mitochondria to be separated and degraded. The elimination of damaged mitochondria is achieved via mitophagy, initiated by the accumulation of PINK1 kinase in the mitochondrial membrane, followed by the recruitment of Parkin, which targets the mitochondria to the autophagosome. p62 targets the mitochondria to the autophagosome and is eliminated during active autophagy. Assembly of the autophagosome requires Beclin1 and attachment of LC3-I onto phosphatidylethanolamine to form LC3-II.
3.1 Mitochondrial biogenesis (mitobiogenesis)
The transcription and replication of the nuclear and mitochondrial genome are essential to mitochondrial biogenesis (mitobiogenesis), the process of self-replication of mitochondria. mtDNA encodes for 11 polypeptides of the ETC, as well as 22 tRNA and 2 rRNA (Fernández-Silva et al., 2003). Nonetheless, most of the mitochondrial proteins are encoded in the nuclear genome and transported into the mitochondria. For this reason, replication of mitochondria relies on mtDNA and nuclear DNA transcription to promote protein and lipid synthesis. Lipids, such as phosphatidylethanolamine (PE) or cardiolipin, are necessary for mitochondrial functioning and are made in the mitochondria but require ER-derived lipids (Tatsuta et al., 2014). Therefore, importing essential proteins and lipids from the nucleus or ER is critical for mitobiogenesis.
The master regulator of mitobiogenesis is the transcriptional coregulator peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC1α), which was first identified in brown adipose tissue as a coactivator of PPARγ (Puigserver et al., 1998). Numerous transcription factors are induced by PGC1α during external stimuli, such as exercise, cold, or fasting (Wu et al., 1999; Zong et al., 2002; Nisoli et al., 2005). Nuclear respiratory factors 1 and 2 (NRF1, 2) are two of such transcription factors, increasing the expression of mitochondrial transcription factor A (TFAM), which in turn translocates to mitochondria and induces mtDNA transcription (Virbasius and Scarpulla, 1994). Mitochondria resident micro-RNAs (miRs) also fine-tune mitobiogenesis by targeting TFAM or other mitobiogenesis factors, as well as relaying signals from the nucleus to the mitochondria to replenish the mitochondrial pool when necessary (Das et al., 2012; Das et al., 2014; Roman et al., 2020; Dogan et al., 2022). During mitobiogenesis, nuclear-encoded genes necessary for mitochondrial function are transcribed in the nucleus and translated into the cytosol with a mitochondrial localization signal. These proteins are transported to the mitochondria and are folded by mitochondrial chaperones (Wiedemann et al., 2004). Similarly, lipids are synthesized in the ER and transferred to the mitochondria during mitobiogenesis. This process involves the mitochondria-associated membranes (MAMs), which are mitochondria-ER contact sites (Gaigg et al., 1995).
Numerous external stimuli regulate PGC1α activity. Cold exposure and exercise induce PGC1α expression through β-adrenergic stimulation and cAMP response element-binding protein (cAMP/CREB) signaling (Wu et al., 1999; Baar et al., 2002). Moreover, AMPK activation in response to exercise also boosts PGC1α expression (Little et al., 2010). Posttranslational modifications are essential for the PGC1α activity (Miller et al., 2019). It has been shown that AMPK phosphorylates PGC1α on T177 and S538 in skeletal muscle (Jäger et al., 2007). Another crucial posttranslational modification on PGC1α is done by the NAD+-dependent deacetylase Sirtuin 1 (SIRT1). Deacetylation and activation of PGC1α by SIRT1 are essential, as NAD+ levels are highly dependent on AMPK activity. Therefore, in addition to its role in mitobiogenesis, PGC1α conjugates cellular energy metabolism, redox state, and mitochondrial activity (Gerhart-Hines et al., 2007; Coste et al., 2008; Cantó et al., 2009).
3.2 Mitochondrial fission-fusion
The mitochondrial network is highly dynamic, constantly remodeling through fission and fusion to decrease stress and replace damaged components (Parra et al., 2011; Chan, 2020). Fusion of two mitochondria is driven by dynamin-related GTPases mitofusin1 and 2 (MFN1, MFN2) on the OMM surface and optic atrophy protein 1 (OPA1) and cardiolipin on the IMM (Chen et al., 2003; Olichon et al., 2007; Paradies et al., 2019) (Figure 3). MFN1 also participates in ER-associated degradation (ERAD) through the degradation of damaged mitochondria via polyubiquitination by the E3 ubiquitin ligase Parkin (Picca et al., 2018). Mitochondrial fusion allows for the fusion of two mitochondria that are in close proximity to share mtDNA, metabolites, and enzymes. Fusion of the OMM requires homo- and heterodimerization of MFN1 and MFN2 (Figure 3) (Ishihara et al., 2004; Chen and Chan, 2009; Hall et al., 2014). OPA1 plays a role in the fusion of the IMM while preserving the cristae structure (Malka et al., 2005; Song et al., 2007). This fusion process sustains the mitochondrial membrane and its permeability to enhance protection from oxidative damage.
Damaged mitochondria can also undergo fission, where one mitochondrion divides into two mitochondria (Chen and Chan, 2009; Ong and Hausenloy, 2010; Elgass et al., 2013). Fission is orchestrated by GTPase dynamin-related protein 1 (DRP1), mitochondrial fission one protein (FIS1), and mitochondrial fission factor (MFF). FIS1 inhibits mitochondrial fusion and acts as a receptor for the binding of DRP1 to the OMM. Once recruited, DRP1 triggers cleavage of mitochondria via interacting with FIS1 and MFF (Palmer et al., 2011; Onoue et al., 2013; Otera et al., 2013; Atkins et al., 2016). Splitting off damaged mitochondria through fission preserves the healthy pool of mitochondria, optimal OXPHOS functioning, and efficient allocation of mitochondrial materials (Quiles and Gustafsson Å, 2022).
A balance between mitochondrial fission and fusion is critical for maintaining optimal mitochondria functioning at homeostasis or during pathological conditions, especially in CVDs. Clearance of damaged mitochondria is central to the control of mitochondrial quality. It is achieved through mitophagy, a process linked to fission since fragmented mitochondria are degraded via the autophagolysosomes (Zaffagnini and Martens, 2016). Mitochondrial fission occurs on the MAMs, where DRP1 also localizes and promotes nucleation of mitochondrial fission. ER tubules can also wrap around the mitochondria and cause constriction of mitochondrial membranes during fission (Friedman et al., 2011; Yang and Yang, 2013).
3.3 Mitochondrial clearance via autophagy/mitophagy
A pivotal mechanism of MQC is a mitochondria-specific autophagy process named mitophagy (Figure 4). Clearance of mitochondria by mitophagy is indispensable during cellular differentiation, as well as for tissues that require high energy, such as the cardiovascular system (McWilliams et al., 2018). Mitophagy is needed to overcome stress in pathological conditions, and evidence from multiple studies suggests that a deficit in mitophagy mechanisms contributes to the progression of CVDs (Tong et al., 2019; Tan et al., 2021). Briefly, the elimination of mitochondria by mitophagy requires the autophagy receptors to load mitochondrion to the autophagosome through light chain-3 (LC3) (Figures 3, 4). Mitochondria are then engulfed by the autophagosome, which merges with a lysosome to degrade its contents through the lysosomal enzymatic activity (Rüb et al., 2017). Mitophagy can be ubiquitin-dependent or receptor-dependent. Ubiquitin-dependent mitophagy mainly includes PINK1/Parkin-dependent pathways (Figure 4A). Receptor-dependent mitophagy includes Bcl-2 and adenovirus E1B19kDa-interacting protein 3 (BNIP3), FUNDC1, and lipid-dependent mitophagy pathways (Figure 4B).
[image: Figure 4]FIGURE 4 | Mechanisms of mitophagy. (A) PINK1/Parkin-dependent mitophagy. PINK1 accumulates on damaged mitochondria and recruits Parkin to promote the ubiquitination of OMM proteins. Poly-ubiquitin chains provide an eat me signal to initiate autophagy. TBK1 phosphorylates OPTN and NDP52 to induce clearance of damaged mitochondria. (B) Parkin-independent mitophagy pathways, (1) BNIP3/FUNDC1 mediated and (2) lipid-mediated mitophagy. Mitophagy receptors BNIP3 and FUNDC1 favor mitochondrial fission via DRP1 interaction and OPA1 release.
3.3.1 PINK1/Parkin-dependent mitophagy
During basal conditions, serine/threonine kinase PTEN-induced kinase 1 (PINK1) is constantly imported into the mitochondria as it bears a mitochondrial target signal (Lazarou et al., 2012). Once imported, PINK1 is cleaved by matrix processing peptidases, mitochondrial processing peptidase (MPP), and presenilins-associated rhomboid-like protein (PARL) to eliminate the mitochondrial target signal and its hydrophobic transmembrane helix within the transmembrane domain. After processing, PINK1 is released into the cytoplasm, where the UPS constantly degrades it. When mitochondrial damage occurs, PINK1 cannot be transported back to the IMM and accumulates on the OMM, unable to be cleaved by PARL, forming homodimers. Phosphorylation of PINK1 on S228 and S402 is required for its activation and engages Parkin to the OMM, inducing mitophagy (Lazarou et al., 2012; Okatsu et al., 2013; Yamano and Youle, 2013). Interaction of Parkin with PINK1 causes conformational changes that allow for its opening and phosphorylation on S65 by PINK1, simultaneously activating its E3 ubiquitin ligase activity (Ordureau et al., 2014; Pickrell and Youle, 2015) (Figure 4A). As a mechanism that further augments mitophagy, Parkin-mediated ubiquitination of OMM proteins serves as substrates for PINK1, which consequently recruits more Parkin (Nguyen et al., 2016). MFN2 can also be phosphorylated by PINK1 on the OMM and ubiquitinated by Parkin to prevent the fusion of damaged mitochondria with healthy ones (Chen et al., 2013) (Figure 4A). Mitochondria undergoing mitophagy are isolated through the interaction of autophagy-related gene (ATG) and LC3 proteins with a phagophore formation. First, the carboxyl-terminal region of pro-LC3 is processed by ATG4, a cysteine protease (Figure 4A). This results in glycine residues being exposed and the formation of LC3-I. Then, phosphatidylethanolamine (PE) binds to LC3-I via ATG7 and ATG3, forming LC-II as the first ubiquitin-like reaction. Following this reaction, together with ATG10, ATG7 deposits ATG12 to ATG5, which assembles the ATG12-5 complex. This complex later binds to ATG16, which endorses the recruitment of ATG8 with PE on the autophagosomes. Damaged mitochondria are identified through their LC3-interacting region (LIR), which ultimately leads to their engulfment by the autophagosome (Tanida et al., 2004; Nakatogawa, 2013; Dooley et al., 2014). Adaptor proteins sequestosome 1 (p62/SQSTM1), nuclear dot protein 52kDa (NDP52), optineurin (OPTN), and Tax-binding protein-1 (TAX1BP1) are crucial during the tethering of damaged mitochondria to the autophagosomal membranes via recognition of ubiquitinated proteins (Villa et al., 2018). The OMM proteins are eliminated when mitochondrial adaptor proteins contact LC3, which binds to the autophagosomal membranes. OPTN and NDP52 are found on the OMM of damaged mitochondria (Figure 4A). TANK-binding kinase 1 (TBK1) is responsible for the phosphorylation of OPTN and p62 at S177 and S403, respectively. These phosphorylations induce their tethering with ubiquitinated sites and LC3 (Figure 4A). Consecutively, OPTN and NDP52 induce autophagy via recruiting autophagy-related unc-51-like autophagy-activating kinase 1 (ULK1), which is phosphorylated and activated by AMP-activated protein kinase (AMPK) on S555 (Egan et al., 2011). Next, ULK1 recruits the Beclin-1 complex, which promotes the nucleation of phagophores, making autophagosome formation more efficient around the damaged mitochondria (Russell et al., 2013). This final step fully isolates targeted mitochondria inside the autophagosomes and triggers their fusion with lysosomes to form autolysosomes, leading to the degradation of the targeted mitochondria (Narendra et al., 2010; Weil et al., 2018; Yamano et al., 2020). Activation of mitophagy is not strictly dependent on AMPK activation, whereas ULK1 deficiency impairs PINK1/Parkin-dependent mitophagy (Vargas et al., 2019).
3.3.2 BNIP3 and FUNDC1-dependent mitophagy
Bcl-2, BNIP3, and BNIP3-like (Nix) are all part of the Bcl-2 family of proteins and are constitutively expressed on the OMM (Ma et al., 2020) (Figure 4B). They have a prominent role in apoptosis but are also essential mitophagy receptors. These receptors are bound to the OMM and mainly interact with LC3 via the LIR motif to facilitate mitophagy, independent of the ubiquitin (Gustafsson Å and Dorn, 2019). It has been shown that BNIP3 and Nix are involved in the elimination of mitochondria in adult heart tissues (Lampert et al., 2019) and that hypoxic conditions can upregulate BNIP3 (Gálvez et al., 2006). Another mitophagy receptor, the FUN14 domain containing 1 (FUNDC1), mediates mitophagy (Figure 4B). This receptor is also relevant to hypoxia and ischemia, as hypoxic stimuli are linked with FUNDC1 dephosphorylation on its LIR via Phosphoglycerate mutase family Member 5 (PGAM5) to promote its binding with LC3 (Ren et al., 2020; Xiao et al., 2020). ULK1 is also known to phosphorylate FUNDC1 on its LIR motif to favor interaction with LC3 during mitophagy (Chen et al., 2014; Wu et al., 2014). Intriguingly, FUNDC1 has also been shown to interact with OPA1 and DRP1 to regulate mitochondrial dynamics during mitochondrial stress (Chen M. et al., 2016).
3.3.3 Lipid-dependent mitophagy
Lipids, such as ceramide or cardiolipin, which can prompt mitophagy with their LIR motif, are present in the OMM. Ceramide is a sphingolipid synthesized by ceramide synthase (CeS). During ER stress, ceramides are translocated from the ER and accumulate on the OMM, triggering mitophagy (Chu et al., 2013). Accumulated ceramides on the OMM can bind LC3 through its ceramide-binding domain and promote the binding of Beclin1. Ceramide-mediated mitophagy also relies on DRP1, which initiates the recognition of ceramide in the OMM by the autophagolysosomes (Sentelle et al., 2012; Antón et al., 2016) (Figure 4B). Importantly, ceramides can build a channel with active BCL2-associated X protein (BAX) that allows the release of cytochrome c to initiate apoptosis. Another important lipid in mitophagy, cardiolipin, is a phospholipid synthesized by cardiolipin synthase (CRD1) in the mitochondria. Cardiolipin (CL) is present on mitochondrial membranes and cristae structures and is primarily found in the IMM (Daum, 1985). CL binds to OPA1 in physiological conditions to regulate OPA1 assembly during mitochondrial fusion and interacts with LC3 during mitochondrial stress (Liu et al., 2003). During mitochondrial damage, CL is transported from the IMM to the OMM (Chu et al., 2013). This movement allows CL to be exposed to the cytosol, bind to LC3, and serve as a recruitment site for adaptor proteins during mitophagy (Chu et al., 2013). Exposed CL preferentially associates with Beclin1 on the OMM during mitophagy and is crucial for phagophore formation (Huang et al., 2012). Notably, pro-IL-1α directly binds to CL in lipopolysaccharide (LPS)-treated macrophages through an LC3 binding domain while blocking mitophagy and activating NLRP3 inflammasome, further supporting the importance of CL in mitochondrial homeostasis (Dagvadorj et al., 2021).
3.4 Mitochondrial communication with other organelles
Mitochondrial networks cannot function separately from other subcellular compartments and rely heavily on inter-organelle communication. Mitochondria continuously coordinate with the nucleus, the ER, and other vesicular organelles (Lin et al., 2020). Importantly, inter-organelle communication of mitochondria and cytosolic organelles is crucial in the development and pathogenesis of several diseases. Most of the mitochondrial proteins are encoded in the nucleus and must be translocated into the mitochondria via transmembrane complexes (Pfanner et al., 2019). As mitochondria are self-monitoring organelles, any perturbations trigger retrograde signaling from mitochondria to the nucleus or other organelles to cope with the stress and reestablish proper mitochondrial functioning (Chowdhury et al., 2020; Vizioli et al., 2020; Booth et al., 2021).
3.4.1 Mitochondrial unfolded protein response (UPRmt)
When mitochondrial protein import is dysfunctional, a signal from the mitochondria, called UPRmt, is initiated and relayed to the nucleus. This signal activates the required transcription factors to cope with stress and induces a repair mechanism to normalize the mitochondrial protein import (Shpilka and Haynes, 2018). UPRmt aims to optimize metabolism by blocking oxidative phosphorylation and the TCA cycle, decreasing the mitochondrial load and ultimately alleviating mitochondrial stress. Simultaneously, the expression of genes responsible for glycolysis and amino acid metabolism is augmented to provide alternative energy resources (Anzell et al., 2018). Aside from switching the reliance on specific energy resources, UPRmt also promotes the expression of mitochondrial chaperones, anti-oxidative proteins, and proteases to cope with the accumulation of dysfunctional proteins (Zhu L. et al., 2021). This decreases the mitochondrial burden while enabling the proper processing of damaged mitochondrial proteins (Quirós et al., 2016). Impairment of OXPHOS machinery, mtDNA damage, disruption of mitochondrial protein synthesis, accumulation of misfolded or unfolded proteins in the mitochondria, or the buildup of ROS causes mitochondrial dysfunction. These events trigger UPRmt (Qureshi et al., 2017). It has been shown that during mammalian UPRmt, transcription factors C/EBP homologous protein (CHOP), activating transcription factor 4 (ATF4), and ATF5 are activated, which are also involved in the unfolded protein response of the ER to alleviate ER stress caused by the accumulation of unfolded or misfolded proteins (Shpilka and Haynes, 2018; Yildirim et al., 2022). Activation of the kinases general control non-derepressible-2 kinase (GCN2), protein kinase RNA (PKR), PKR-like endoplasmic reticulum kinase (PERK), and heme-regulated inhibitor kinase (HRI) controls the phosphorylation of eukaryotic translation initiation factor 2 subunit 1 (eIF2α), which is the major player during organelle stress (Teske et al., 2013). Activated eIF2α inhibits global protein translation to reduce organelle stress, enhancing the expression of specific transcription factors like CHOP, ATF4, and ATF5. These transcription factors promote the expression of chaperones and proteases to cope with the UPRmt. Notably, the expression of ROS detoxifying enzymes, mitobiogenesis machinery, and mitochondrial import proteins are also enhanced to favor mitochondrial remodeling during stress (Qureshi et al., 2017).
3.4.2 Calcium (Ca2+) signaling
Mitochondrial stress, which stems from the loss of mitochondrial membrane potential, releases calcium (Ca2+) from the mitochondria to the cytoplasm through voltage-dependent L-type Ca2+ channels. This increase in cytosolic Ca2+ triggers more Ca2+ to be released from the sarcoplasmic reticulum through the ryanodine receptor 2 (RYR2). Consequently, Ca2+ is cleared away from the cytoplasm via sarcoplasmic or ER resident ATPase (SERCA) family proteins, as well as solute carrier family 8 member A1 (SLC8A1) (Kho et al., 2012). During basal conditions, Ca2+ enters the mitochondria via the calcium uniporter protein (MCU) (Baughman et al., 2011). In addition, Ca2+ release occurs through the Ca2+ antiporter SLC8B1. Transient increases in Ca2+ levels can aid OXPHOS machinery. However, during mitochondrial membrane potential loss, free cytosolic Ca2+ activates calcineurin. In turn, the nuclear factor-κB (NF-κB) and nuclear factor of activated T cells (NFATC) are activated and translocated to the nucleus. This translocation stimulates the expression of genes responsible for Ca2+ storage or transport (Liu et al., 2017). Increased Ca2+ levels can activate various kinases like calcium/calmodulin-dependent protein kinase IV (CAMKIV), Ca2+-dependent protein kinase C, c-Jun N-terminal kinases (JNK), and p38 MAPK. These kinases fine-tune the mitochondrial adaptation to Ca2+ level fluctuations and metabolism, as well as cell proliferation and glucose metabolism (Giorgi et al., 2018).
3.4.3 Intrinsic apoptosis pathway
During severe unresolved stress, like calcium overload, excessive ROS, or mtDNA damage, intrinsic apoptosis is initiated as mitochondrial homeostasis is jeopardized (Brumatti et al., 2010). Programmed cell death is orchestrated by pro-apoptotic proteins of the B cell lymphoma (BCL) 2 family. When apoptosis is triggered, BCL-associated X (BAX) and Bcl2 homologous antagonist/killer (BAK) are incorporated into the OMM and oligomerize, resulting in a pore formation on the mitochondria. This pore increases membrane permeability and promotes the release of pro-apoptotic factors (Lomonosova and Chinnadurai, 2008). Under physiological conditions, BAX is inactive and shuttles between the cytosol and the OMM, whereas BAK resides on the OMM and interacts with VDAC2 (Cheng et al., 2003; Schellenberg et al., 2013). Under apoptotic stimuli, BAX is no longer shuttled to the cytosol and together with BAK, gets activated via the pro-apoptotic Bcl2 homology-3 (BH3) domain-containing factors, BCL2 binding component 3 (also known as p53-upregulated modulator of apoptosis, PUMA), BCL2-interacting mediator of cell death (BIM), phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) and BH3-interacting domain death agonist (BID) (Kuwana et al., 2005). Multiple pro-survival proteins counteract with the pro-apoptotic factors to reduce the permeabilization of the OMM, such as BCL2, BCL2 like 1 (BCL2L1 also known as BCL-XL), myeloid cell leukemia 1 (MCL1), BCL2 like 2 (BCL2L2, also known as BCL-W), and BCL2 related protein A1 (BCL2A1) (Moldoveanu et al., 2014). These factors reside on the OMM or ER and inhibit the binding of pro-apoptotic proteins (Czabotar et al., 2014). If the permeabilization of OMM is maintained, cytochrome c is released to initiate caspase-independent cell death. Notably, the release of cytochrome c causes apoptosome formation, a multi-protein structure composed of apoptotic protease-activating factor-1 (APAF-1), deoxyATP (dATP), and pro-caspase-9, where pro-caspase-9 gets activated (Chen et al., 2011). Consequently, caspases 3 and 7 are also cleaved and activated to promote cell death (Li et al., 1997; McArthur et al., 2018).
3.5 Mitochondria and inflammation
Mitochondrial apoptosis can produce type I interferon when caspases are inhibited (Rongvaux et al., 2014; White et al., 2014). In this context, mtDNA is released to the cytosol as a damage-associated molecular pattern (DAMP) during BAX/BAK-mediated pore formation and apoptosis (Cosentino et al., 2022). The presence of any DNA in the cytoplasm (e.g., pathogenic, nuclear, or mitochondrial) triggers a signal to activate 2′3′-cyclic GMP-AMP (cGAMP) synthase (cGAS), which detects cytosolic DNA. This detection allows cGAS dimerization and production of second messenger cGAMP to relay the message to and activate the stimulator of interferon genes (STING) (Diner et al., 2013; Sun et al., 2013). ER resident STING then shuttles to Golgi, activates TBK1, and gets phosphorylated by TBK1 (Zhang C. et al., 2019). Interferon regulatory factor 3 (IRF3) phosphorylation by active TBK1 promotes its dimerization and transport to the nucleus, which activates interferons and other cytokines (Tanaka and Chen, 2012). Oxidized mtDNA can exit the mitochondria through mPTP and VDAC, where oxidation promotes its fragmentation (Xian et al., 2022). In the cytosol, mtDNA fragments interact with NLRP3 to induce inflammasome activation and STING phosphorylation on S365, a pre-requisite for IRF3 activation (Chen Q. et al., 2016). Similarly, when released to the cytosol during programmed cell death, oxidized mtDNA binds to the NLRP3 inflammasome and activates it (Shimada et al., 2012). It has been recently shown that glycolytic enzyme Hexokinase 2 dissociation from VDAC on the OMM is essential for NLRP3 inflammasome activation. This dissociation results in Ca2+ uptake by mitochondria released from the ER and pore formation by VDAC oligomerization, allowing protein and mtDNA to exit from the mitochondria (Baik et al., 2023). Consequently, NLRP3 assembly is promoted and crucial during inflammatory responses.
Pathogenic or mitochondrial dsRNA in the cytoplasm is detected by the retinoic acid-inducible gene I (RIG-I) as well as melanoma differentiation-associated protein 5 (MDA5), which enables activation and aggregation of mitochondrial antiviral signaling protein (MAVS) on the OMM (Reikine et al., 2014). Accumulation of MAVS promotes IRF3 activation and stimulates the expression of antiviral response genes in the nucleus (Hou et al., 2011). Furthermore, bacterial infection can also activate an innate immune response that involves mitochondria. LPS or glycans on the bacterial wall can induce immune responses via ubiquitylation. This allows for the formation of pro-inflammatory ubiquitin linkages with the mitochondria and causes OMM permeabilization, enabling the formation of endolysosomes (Hamacher-Brady et al., 2014).
4 MITOCHONDRIAL DYSFUNCTION AND CVDS
Mitochondrial dysfunction has been involved in the development of several CVDs (Killackey et al., 2020). CVDs are often associated with defective ETC machinery, excessive ROS production, impaired energetics, and MQC, as well as abnormal Ca2+ homeostasis (Forte et al., 2021). Notably, the dysregulation of proteins responsible for mitochondrial dynamics, mitophagy, or mitobiogenesis is closely linked to the advancement of CVDs (Chehaitly et al., 2022). Hence, understanding the contribution of mitochondrial health and normal functions to CVDs is crucial to develop novel and more efficient therapeutic approaches for these conditions. Here, we discuss various CVDs and the implications of mitochondrial dysfunction in this context (Table 1).
TABLE 1 | Mitochondrial phenotype in CVDs. Overview of mitochondrial impairment during multiple CVDs.
[image: Table 1]4.1 Ischemia/reperfusion (I/R) injury
Blood flow restoration of ischemic tissues or areas results in functional and structural tissue alterations, known as ischemia-reperfusion (I/R) injury. I/R injury usually stems from occlusion of coronary vessels, leading to tissue hypoxia and a deficiency in ATP levels (Peoples et al., 2019).
Mitochondria respond to cardiac tissue I/R injury, and a cascade of mitochondrial fragmentation and cell death, associated with elevated oxidative stress and loss of mitochondrial membrane potential is initiated upon reperfusion (Murphy and Steenbergen, 2008). Oxygen deprivation immediately results in mitochondrial dysfunction since heart tissues rely heavily on OXPHOS for their energy demand. In vitro, hypoxia/reoxygenation of cardiomyocytes revealed that these cells exhibit less mitochondrial fusion, lower ATP production, and higher membrane permeability (Liu and Hajnóczky, 2011). Furthermore, overexpression of mitochondrial fusion protein MFN2 or DRP1-dependent blockade of mitochondrial fission increased cell survival (Jahani-Asl et al., 2007). Mice overexpressing OPA1 display less severe I/R injury with better mitochondrial cristae remodeling (Varanita et al., 2015). Similarly, reduced OPA1 levels indicating a decrease in mitochondrial fusion during I/R injury in mice were rescued by melatonin treatment, which promotes AMPK signaling and diminishes caspase-9-dependent apoptosis (Zhang Y. et al., 2019). Supporting these findings, melatonin treatment also increased the expression of SIRT3 and the activity of the ROS-metabolizing enzyme SOD2 in cardiomyocytes during I/R by blocking the mitochondrial fission (Bai et al., 2021). Reduced infarct size is also observed in rats when mitochondrial fusion is promoted pharmacologically (Maneechote et al., 2019). Supporting these notions, cardiac-specific MFN1 knock-out mice are protected against excessive ROS production as these mice have a delayed mitochondrial permeability transition pore (mPTP) opening, resulting in increased cell survival (Papanicolaou et al., 2012). I/R injury also causes an increase in oxidative stress and promotes Ca2+ flux into the mitochondria, allowing a dysfunctional electrochemical gradient of IMM and impairing the ETC activity (Halestrap, 1999). Excess Ca2+ inside the mitochondria and elevated ROS levels cause the opening of the mPTP and render permeability of the IMM, resulting in depolarization, membrane potential loss, and cell death (Kwong and Molkentin, 2015). Similarly, overflow of Ca2+ into mitochondria due to mitochondrial calcium uniporter (MCU) activation is fundamental to I/R injury. Overexpression of Histidine triad nucleotide-binding 2 (HINT2) blocks MCU activity and alleviates Ca+2 burden and fragmentation of mitochondria in mice during I/R injury (Li et al., 2021).
Clearance of defective mitochondria by mitophagy is beneficial during I/R injury. Evidence indicates defective mitophagy, dysfunctional mitochondria, and myocardial impairment after I/R injury in DRP1 knock-out mice (Ikeda et al., 2015). Similarly, Parkin knock-out mice have exacerbated infarct size and dysfunctional mitochondria with impaired mitophagy, suggesting that by clearing defective mitochondria, mitophagy is beneficial during I/R injury (Kubli et al., 2013). Also, autophagy proteins such as Beclin 1, BNIP3, and FUNDC1 are implicated in the I/R injury (Georgakopoulos et al., 2017). FUNDC1 protects the heart by promoting mitophagy to eliminate damaged or non-functional mitochondria (Zhang et al., 2017). Furthermore, in a hypoxia model, the overexpression of necroptosis modulator receptor-interacting protein 3 (RIPK3) blocks the AMPK pathway and inhibits Parkin-dependent mitophagy in cardiomyocytes, leading to cardiomyocyte necroptosis and exacerbated cardiac damage (Zhu P. et al., 2021).
Data from FUNDC1 knock-out mice showed that this mitophagy factor regulates MQC, is essential for platelet activation, and ultimately decreases heart I/R injury (Zhang et al., 2016). In addition, an anti-diabetes drug, empagliflozin, has been reported to promote AMPK1/ULK1/FUNDC1-dependent mitophagy and attenuated mitochondrial dysfunction in both in vitro and in vivo I/R injury models (Cai et al., 2022). Upregulation of mitophagy and mitobiogenesis is observed in human cardiac tissues after cardiopulmonary bypass surgery, indicating that a balance between these two arms of MQC is crucial during surgery-induced I/R injury (Andres et al., 2017). These findings provide insight into how mechanisms of MQC regulate tissue homeostasis during I/R injury. However, therapeutic strategies to fine-tune mitochondrial dynamics during I/R injury need further investigation.
4.2 Hypertension
Hypertension, characterized by increased blood pressure and a decline in vascular function, is associated with inflammation, endothelial impairment, and mitochondrial dysfunction (Barki-Harrington et al., 2004; Lahera et al., 2017). During hypertension, oxidative damage in mitochondria is triggered by the activation of Angiotensin (Ang) II, which decreases endothelial NO levels and exacerbates vascular oxidative stress. ROS production increases during hypertension due to Ang II-mediated protein kinase-C activity and excess production of O2•- and H2O2 (Doughan et al., 2008). Excessive ROS production may lead to mtDNA mutations and ETC machinery dysfunction, both contributing to hypertension progression (Griendling et al., 2021).
MQC also plays a pivotal role in the development of angiogenic function. It has been shown that the knock-down of MFN1, a protein involved in mitochondrial fusion, results in a less angiogenic response of endothelial cells to vascular endothelial growth factor (VEGF), induces endothelial NO synthase (eNOS) and decreases mitochondrial membrane potential (Lugus et al., 2011). Moreover, inhibition of mitochondrial fission by blocking DRP1 activity results in a blockade of apoptosis in an Ang II hypertensive rat model. In this context, SIRT1 is degraded by Ang II, resulting in p53 acetylation, which promotes DRP1 expression and cell apoptosis (Qi et al., 2018). Furthermore, genetic deletion of SIRT3 in mice leads to hypertension by inducing endothelial dysfunction, vascular inflammation, and hypertrophy. In contrast, global SIRT3 overexpression blocks Ang II-induced hypertension (Dikalova et al., 2020). Elevated FUNDC1-mediated mitophagy during hypoxic pulmonary hypertension induces hypoxia-inducible factor 1α (HIF1α) and pulmonary artery smooth muscle cell proliferation, leading to pulmonary vascular remodeling (Liu et al., 2022).
Mitophagy acts as a protective mechanism during hypertension and enhanced ATG-5-mediated mitophagy during Ang II-induced hypertension results in reduced levels of ROS and inflammation (Pan et al., 2012). Mitochondrial mass and structure are also affected during hypertension. Reduced mitochondrial size and osmotic swelling disrupt the mitochondrial OXPHOS efficiency (Ritz and Berrut, 2005). Cristae structure and ETC stability of mitochondria are jeopardized during hypertension, as it has been shown that there is a loss of CL, a crucial phospholipid for the membrane structure (Cogliati et al., 2013).
4.3 Atherosclerosis
Atherosclerosis is a progressive cardiovascular disease resulting in the formation of plaques containing inflammatory cells, the narrowing of arteries, and decreased blood flow, increasing the risks of cardiovascular complications, such as myocardial infarction and stroke. Plaque formation occurs via low-density lipoprotein (LDL) uptake in the arterial wall, leading to immune cell infiltration, inflammation, calcification, and vascular smooth muscle (VSMC) migration into the plaque (Gimbrone and García-Cardeña, 2016). Accumulation of oxidized LDL in the arterial wall can interfere with the proper functioning of mitochondrial respiration dynamics, cause the opening of mPTP and increase mitochondrial permeabilization, and promote ROS production (Khwaja et al., 2021). This eventually results in endothelial cell apoptosis and accelerates atherosclerosis. In addition, excess ROS production and mitochondrial dysfunction during atherosclerosis have been shown to activate NLRP3 inflammasome formation and boosts mitophagy (Jin Y. et al., 2022). Of note, loss of OGG1 induces oxidative mtDNA damage and subsequent NLRP3 inflammasome activation, exacerbating atherosclerosis in mice (Tumurkhuu et al., 2016). Importantly, depletion of an abundant cholesterol biosynthetic intermediate in coronary lesions, desmosterol, results in mtROS accumulation and NLRP3 inflammasome activation in macrophages, favoring atherosclerotic plaque formation (Zhang X. et al., 2021).
VSMCs can be activated by the platelet-derived growth factor (PDGF) during atherosclerotic plaque formation. MFN2 is less expressed in the atherosclerotic plaques, which favors mitochondrial fission. Inhibition of mitochondrial fission decreases VSMCs proliferation (Salabei and Hill, 2013). Similarly, inhibition of DRP1, a mitochondrial fission regulator, decreased endothelial impairment and atherosclerosis progression in apolipoprotein E (ApoE) knock-out mice, as well as VSMCs calcification (Rogers et al., 2017; Wang et al., 2017). Accumulation of p62 and LC3-II has been reported in cells from atherosclerotic plaques, which indicates impaired autophagy/mitophagy (Sergin et al., 2016). Decreased LC3-II levels are detected in patients with unstable atherosclerotic plaques, leading to reduced autophagy/mitophagy and defective clearance of damaged mitochondria and cell death in the arterial wall (Swaminathan et al., 2014). Supporting these findings, deleting the ATG-5 gene in mice, which is involved in autophagy, results in increased production of IL-1β, impaired cholesterol clearance, and increased atherosclerotic plaque formation (Razani et al., 2012). SIRT1 inhibition accelerates mouse atherosclerosis progression through the increased acetylation of ATG5 (Yang et al., 2017). Similarly, VSMC-specific deletion of ATG7 in ApoE−/− mice leads to impaired autophagic flux, accumulation of fragmented mitochondria, and inefficient OXPHOS activity with unstable atherosclerotic plaque formation susceptible to rupture (Nahapetyan et al., 2019). Furthermore, the importance of ER-mitochondria signaling in atherosclerosis progression has been shown through the modulation of the ER-resident kinase PERK. Lipid-activated PERK can activate Lon protease-1, resulting in mitochondrial PINK1 degradation and blockade of mitophagy. Inhibition of mitophagy increases ROS production due to the accumulation of damaged mitochondria and boosts inflammasome activation in macrophages, contributing further to atherosclerotic plaque formation (Onat et al., 2019). In addition, in the absence of a secreted protein known to participate in atherosclerosis, apolipoprotein A-I binding protein (AIBP), PINK1 is cleaved, and mitophagy is blocked, which also promotes atherosclerosis progression and plaque formation (Duan et al., 2022).
4.4 Cardiac hypertrophy and heart failure
Cardiac hypertrophy, a condition that results in the thickening of heart muscles, is an acute response to enhanced hemodynamic overload and mechanical stress on cardiac tissues. When prolonged, cardiac hypertrophy becomes pathological and can result in heart failure (Levy et al., 1990). Cardiac hypertrophy is associated with increased sarcomere production, thickening of the ventricular wall and induces changes in cardiac tissue gene expression, metabolism, and contractility (Schiattarella and Hill, 2015; Nakamura and Sadoshima, 2018). After hypertrophy, cardiomyocytes need more energy and increase mitochondrial mass at an early stage. However, this is followed by a decrease in mitochondrial mass and an impairment of cardiac contractility as the disease progresses (Zak et al., 1980; Goffart et al., 2004). Ultimately, the decline in mitochondrial mass reduces the production of ATP and diastolic dysfunction, causing heart failure (Flarsheim et al., 1996). BNIP3 expression increases in stressed cardiomyocytes, favoring mitochondrial fragmentation (Chaanine et al., 2016). Blocking mitochondrial fission through the deletion of DRP1 in mice leads to hypertrophy caused by norepinephrine signaling. On the other hand, inhibition of mitochondrial fusion by blocking MFN2 stimulates the hypertrophic response (Pennanen et al., 2014). Mitochondrial fusion is affected during cardiac hypertrophy, as reduced expression of MFN2 and OPA1 has been reported in cardiomyocytes in the context of heart failure (Chen et al., 2009). Furthermore, the activity of Complex I and IV from the mitochondrial ETC is also reduced during heart failure (Arbustini et al., 1998). mtDNA replication is also impaired in heart failure, causing a decrease in mtDNA-encoded proteins and mitochondrial biogenesis (Sheeran and Pepe, 2017). Interestingly, the deletion of OMA1, an inner mitochondrial membrane protease that determines cristae structure for optimal ETC functioning, alleviates myocardial damage by preventing cardiomyocyte death (Acin-Perez et al., 2018). The expression of dual-specificity tyrosine-regulated kinase 1B (DYRK1B) is increased in failing hearts of humans and mice and overexpression of this kinase impairs ejection fraction as well as cardiac fibrosis in mice by downregulating the mitobiogenesis regulator PGC1α (Zhuang et al., 2022). An important inflammatory response during pathological conditions is pyroptosis, a form of inflammatory cell death (Shi et al., 2015). During this process, NLRP3 inflammasome is induced, activating caspase-1, which cleaves gasdermin D (GSDMD) to permeabilize the cells, resulting in IL-1β and IL-18 secretion from the rupturing cells (Kayagaki et al., 2015; Shi et al., 2015). In mouse and human hypertrophic myocardia, it has been shown that there is an amplification of GSDMD that activates the mitochondrial STING axis, causing mitochondrial dysfunction and contributing to cardiomyocyte pyroptosis (Han et al., 2022). Notably, choline supplementation in rats alleviated cardiac hypertrophy by promoting UPRmt through activating the SIRT3-AMPK axis as an adaptive response to cardiac dysfunction (Xu et al., 2019). Mitochondrial ROS scavenging is crucial to protect the cardiac tissues from oxidative damage (Xin et al., 2021). Recently, the deletion of mitochondrial peroxiredoxin 3 (Prdx3) in mice has been shown to cause cardiac hypertrophy and heart failure. In addition, the same study showed that Prdx3 interacts with PINK1 and blocks its proteolytic cleavage during mitophagy, playing a protective role during hypertrophy-induced mitochondrial dysfunction (Sonn et al., 2022). Of note, Parkin levels decline in hypertrophic cardiomyocytes, as well as mouse hearts, and overexpression of Parkin in mice blocked Ang-II-induced hypertrophy and improved heart function via boosting mitophagy, highlighting the importance of clearance of damaged mitochondria during cardiac hypertrophy (Sun et al., 2022).
4.5 Diabetic cardiomyopathy
Diabetic cardiomyopathy is a pathological process leading to changes in myocardial structure and function observed in patients with diabetes mellitus in the absence of other cardiac risk factors, such as coronary artery diseases or hypertension (Jia et al., 2018). Elevated levels of fatty acids in cardiomyocytes from diabetic patients can interfere with mitochondrial metabolism. In a healthy heart, ATP is produced by fatty acid oxidation and, to some extent, from carbohydrates (Duncan, 2011). Mitochondria and peroxisomes are responsible for the β-oxidation of fatty acids (FAO), a process that depends on oxygen availability. This process is not optimal when cardiac tissue needs high levels of ATP. In the context of diabetes, increased levels of fatty acids and ATP produced from the oxidation of FAO result in a loss of flexibility as to mitochondrial fuel sources (Duncan, 2011). Consequently, heart contraction efficiency starts to decline, causing a lack of blood flow and cardiomyopathy (Liesa and Shirihai, 2013). Nuclear receptor family PPARs are heavily involved in the pathogenesis of diabetic cardiomyopathy. Elevated levels of fatty acids inside cardiomyocytes interfere with FAO and lead to increased PPAR-γ expression and decreased PPAR-α expression (Wang L. et al., 2021). In line with this, an increase in fatty acids boosts ROS production by increasing IMM potential, resulting in oxidative damage and mitochondrial dysfunction (Schilling, 2015). Prolonged ROS levels increase and induce cardiomyocyte apoptosis, which is compensated by fibroblast recruitment. This changes the cellular composition of cardiac tissue, which can lead to heart failure (Flarsheim et al., 1996; Dabkowski et al., 2010).
Type 2 diabetic cardiomyopathy results in perturbations in the mitochondrial Ca2+ signaling (Dillmann, 2019). In a murine model of diabetic cardiomyopathy, mice fed with a high-fat and high-sucrose diet showed cardiac hypertrophy, dysfunction, and insulin resistance (Dia et al., 2020). This phenotype was associated with decreased interactions between IP3R and VDAC1, causing a decline in Ca2+ flux into the mitochondria (Dia et al., 2020). In a rat model of type 2 diabetes, the expression of secreted frizzled-related protein 2 (SFRP2), a protein involved in Wnt signaling and angiogenesis, is downregulated in rat cardiomyocytes and cardiac tissues. This was associated with a reduction in mitochondrial membrane potential and increased oxidative stress via the regulation of mitobiogenesis through the AMPK/PGC1α axis (Ma et al., 2021). While exercise in mice increased the expression of the mitochondrial deacetylase SIRT3 during diabetes-induced cardiac impairment and preserved cardiac functions by promoting the AMPK/SIRT3 pathway (Jin L. et al., 2022), SIRT3 deficiency exacerbates diabetic cardiomyopathy by activating NLRP3 and promoting the accumulation of mtROS (Song et al., 2021). The anti-diabetic drug empagliflozin has also been shown to inhibit cardiac dysfunction during diabetic cardiomyopathy by increasing the expression of Nrf2 in type 2 diabetic mice. Additionally, in mice treated with empagliflozin, the expression of mitochondrial fission proteins was decreased with an upregulation of the fusion machinery, contributing to the recovery of cardiac tissues during this pathogenic condition (Wang J. et al., 2022). Notably, a decline in NAD+ to NADH ratio in diabetic mice is linked to the downregulation of SOD2, deficit in mitochondrial bioenergetics, and a concomitant increase in oxidative damage. Increasing NAD+ levels via nicotinamide phosphoribosyltransferase (NAMPT), the enzyme producing the intermediate for NAD+, relieved cardiac dysfunction in diabetic mice, showing the possible therapeutic potential of NAD+ supplementation in this disease (Chiao et al., 2021).
Mitochondrial dynamics are also impaired in type 2 diabetic cardiomyopathy. The decline in MFN1,2, OPA1, and DRP1 function has been implicated in the development of diabetic cardiomyopathy (Williams and Caino, 2018). A decrease in MFN2 expression, followed by impaired mitochondrial fusion, mitochondrial fragmentation, and related OXPHOS dysfunction, has been reported in diabetic cardiomyopathy (Montaigne et al., 2014). Perturbations in mitochondrial dynamics activate mitophagy and autophagy, the mechanisms of MQC. Previous data suggest that autophagy is blocked in type 1 diabetes, as shown by decreased levels of LC3, ATG5, and 12 in cardiomyocytes (Xu et al., 2013). Lower levels of PINK1 and Parkin are also reported in the same study, hinting at the suppression of mitophagy in the hearts of type 1 diabetic mice (Xu et al., 2013). In mouse models of type 1 diabetes, autophagy and mitophagy are augmented in cardiac tissues (Tao and Xu, 2020; Zhang M. et al., 2021). Furthermore, feeding mice with a high saturated fatty acid diet induces autophagy and cardiomyopathy (Russo et al., 2012). In addition, mice fed a high-fat diet developing diabetic cardiomyopathy show an initial peak of cardiac autophagy, which declines later. However, in this study, mitophagy activation was sustained for 2 months, leading to Parkin deficiency and impaired mitophagy, worsening the disease and suggesting a protective effect of mitophagy during the early stages of diabetic cardiomyopathy (Tong et al., 2019). Interestingly, the expression of TOM70, a mitochondrial outer membrane protein, is decreased in the heart tissues of diabetic mice (Wang et al., 2020). Overexpressing TOM70 rescues mitochondrial dysfunction, oxidative damage, and apoptosis in cardiac tissues, indicating that TOM70 could be a therapeutic target in treating diabetic cardiomyopathy (Wang et al., 2020).
4.6 Genetic cardiomyopathies
Genetic cardiomyopathies arise from chromosomal abnormalities interfering with the normal function of the heart (McKenna et al., 2017). Hypertrophic cardiomyopathy is the most prevailing, affecting 1 in 500 people (Tuohy et al., 2020). It is usually caused by autosomal dominant mutations of genes that code for sarcomere proteins and mutations of mitochondria-related genes (Teekakirikul et al., 2019). Arrhythmogenic right ventricular cardiomyopathy is a familial heart disease that manifests by mutations of desmosomal proteins, which are intermediate muscle tissue filaments (Krahn et al., 2022). Consequently, ventricular wall thinning and ballooning occur in affected patients (Shah et al., 2023). Another congenital cardiomyopathy is left ventricular non-compaction, which is initiated during the embryonic stage and perturbs the normal development of the heart muscle (Singh and Patel, 2023). In addition, restrictive cardiomyopathy is characterized by the restriction of the left ventricle, causing a significant increase in ventricular pressure and myocardial stiffness (Rapezzi et al., 2022). Finally, dilated cardiomyopathy is manifested with enlarged ventricles, causes systolic dysfunction, and is inherited in an autosomally dominant manner (De Paris et al., 2019).
Genetic cardiomyopathies are mitochondrial diseases related to either disruption in ETC complex subunits or factors involved in their assembly, mitochondria encoded tRNAs, rRNAs, and proteins responsible for mtDNA maintenance and CoQ10 synthesis (Yamada and Nomura, 2021). These cardiomyopathies are often associated with mutations in mtDNA encoded Complex I subunit genes NADH-ubiquinone oxidoreductase chain 1 and 5 (MT-ND1 and 5) and nuclear-encoded Complex I subunit genes such as NADH: ubiquinone oxidoreductase core subunits S2 (NDUFS2), V2 (NDUFV2) or A2 (NDUFA2). Similarly, mutations in nuclear factors involved in Complex I assembly such as acyl-CoA dehydrogenase family member 9 (ACAD9) and NADH: ubiquinone oxidoreductase complex assembly factor 1 (NDUFAF1), are also associated with the development of genetic cardiomyopathies (Fassone and Rahman, 2012; Brecht et al., 2015; Dubucs et al., 2023). All subunits of Complex II are nuclear-encoded, and mutations of subunits A, D (SDHA and SDHD), as well as Complex II assembly factor 4, have been reported in patients with hypertrophic, dilated, and non-compaction cardiomyopathies (Jain-Ghai et al., 2013; Alston et al., 2015; Wang X. et al., 2022). Likewise, mutations in mtDNA encoded cytochrome b gene (MTCYB) have also been identified in patients with hypertrophic and dilated cardiomyopathy (Hagen et al., 2013; Carossa et al., 2014). Supporting these findings, mutations in Complex IV subunit genes COX6B1, MTCO2, and MTCO3 have been associated with dilated and hypertrophic cardiomyopathies (Abdulhag et al., 2015; Yang et al., 2022). Moreover, a possibly pathogenic m.9856T>C (Ile217Thr) mutation in MTCO3 has been identified in a left ventricular non-compaction cardiomyopathy patient, together with a significant decrease in mtDNA copy number in the patient group compared with controls (Liu et al., 2013). Interestingly, hypertrophic cardiomyopathy has been associated with m.2336T>C homoplasmic mutation of mitochondrial 16S rRNA gene (MTRNR2), and restrictive cardiomyopathy has been linked to m.1555A>G mutation of the mitochondrial 12S rRNA gene (MTRNR1) (Liu et al., 2014; Li et al., 2019). Furthermore, c.467T>G and c.950C>G mutations in mitochondrial ribosomal proteins L44 and L3 (MRPL44 and 3) have also been reported in hypertrophic cardiomyopathy, respectively (Galmiche et al., 2011; Distelmaier et al., 2015). Mutation in genes involved in CoQ10 biosynthesis, specifically COQ2, 4, and 9, have been reported in patients with hypertrophic cardiomyopathy (Doimo et al., 2014; Desbats et al., 2015; Mantle et al., 2023).
Mitochondrial dysfunction in hypertrophic cardiomyopathy has recently been associated with impaired NADH-linked respiration, as well as fatty acid oxidation in septal myectomy tissues from patients, due to mitochondrial fragmentation, which was rescued by NAD+ supplementation (Nollet et al., 2023). Interestingly, cardiac-specific deletion of cytochrome c assembly factor Cox10 resulted in mitochondrial cardiomyopathy in mice, leading to OXPHOS defects. Furthermore, the activation of mitochondrial peptidase OMA1 appears protective during mitochondrial cardiomyopathy (Ahola et al., 2022). A multi-omics study investigating healthy controls and patients with hypertrophic cardiomyopathy indicates a global downregulation in the expression of mitochondrial genes involved in ATP synthesis, coupled with mitochondrial damage manifested by low cristae density and less oxidative phosphorylation (Ranjbarvaziri et al., 2021).
During dilated cardiomyopathy, mitochondria numbers first increase to compensate for the energy deficit and then decrease over time, which results in less ATP production, deficiencies in cardiac contractility, and more ROS production (Goffart et al., 2004; Ramaccini et al., 2020). It has been reported that cardiomyocytes lacking the circadian rhythm activation factor basic helix-loop-helix ARNT like 1 (BMAL1) gene exhibit a dilated cardiomyopathy-like phenotype with reduced expression of mitochondrial BCL2 interacting protein 3 (BNIP3) protein, resulting in defective mitophagy and cardiomyocyte function (Li et al., 2020). Additionally, in a doxorubicin-induced mice model of dilated cardiomyopathy, increased expression of full-length SIRT3 prevented cardiac dysfunction by blocking superoxide generation (Tomczyk et al., 2022).
Mitochondrial dysfunction also contributes heavily to arrhythmogenic cardiomyopathy, as there are deficits in intracellular Ca2+ dynamics and ion channel functioning (Kim et al., 2019). Connexin 43 (Cx43), found on IMM of subsarcolemmal cardiomyocytes for regulation of ATP synthesis and respiration, is shown to decrease in arrhythmogenic cardiomyopathy patients, resulting in dysfunctional cardiomyocyte excitability (Noorman et al., 2013).
Pathogenic variants of desmin, a crucial component of the intermediate filaments of cardiac or skeletal muscle cells, can cause desminopathy, characterized by cardiomyopathy and skeletal myopathy (van Spaendonck-Zwarts et al., 2011). Dilated, arrhythmogenic, and restricted cardiomyopathy is often linked to desminopathy (Taylor et al., 2007; Otten et al., 2010; Lorenzon et al., 2013). A recent study identified a p.(S57L) mutation in desmin, which was associated with a striking downregulation of mitochondrial proteins and bioenergetics, coupled with a decrease in ETC Complex I + III + IV super-complex formation (Kubánek et al., 2020). In addition, VDAC1 has been shown to aggregate on muscle fibers together with apoptotic proteins, both in patients with desminopathy and in the rat model of this disease (Li et al., 2016).
4.7 Kawasaki disease (KD)
KD is an acute febrile systemic vasculitis of unknown etiology, affecting infants and young children, and is the leading cause of acquired heart disease in developed countries (Kawasaki et al., 1974; Newburger et al., 2016; McCrindle et al., 2017). Coronary arteritis and coronary artery aneurysms (CAAs) occur in approximately 25% of untreated children, which is reduced to 3%–5% with high-dose intravenous immunoglobulin (IVIG) treatment (Burns et al., 1998; Tremoulet et al., 2008). Transcriptome analysis of whole blood from KD patients as well as cardiovascular tissues collected from Lactobacillus casei cell wall extract (LCWE)-injected mice, an experimental mouse model mimicking KD vasculitis, showed increased expression of genes associated with IL-1β and the NLRP3 inflammasome pathway (Hoang et al., 2014; Lee et al., 2015; Wakita et al., 2016; Porritt et al., 2021). Supporting NLRP3 activation, high levels of serum concentration of the pro-inflammatory cytokines IL-1β and IL-18 have been reported in the plasma of children with KD during the acute phase of the disease (Alphonse et al., 2016). Blocking the IL-1 pathway in two different experimental mouse models of KD, the LCWE- and the Candida albicans water-soluble fraction (CAWS), either pharmacologically or using knock-out mice, significantly decreases vasculitis severity (Lee et al., 2012; Lee et al., 2015; Anzai et al., 2020; Porritt et al., 2020). Several case studies have also demonstrated the efficacy of Anakinra, an IL-1 receptor antagonist, in treating IVIG-resistant KD patients (Cohen et al., 2012; Shafferman et al., 2014; Guillaume et al., 2018; Blonz et al., 2020; Koné-Paut et al., 2021).
Mitochondrial dysfunction and impaired autophagy and mitophagy can trigger NLRP3 inflammasome activation (Zhang N. P. et al., 2019). Impaired clearance of damaged mitochondria has been reported in the LCWE-induced murine model of KD vasculitis, shown by a decreased autophagic flux and blockade of autophagy by mTOR pathway activity, contributing to NLRP3 inflammasome activation and ROS accumulation (Marek-Iannucci et al., 2021). The expression of LC3B, BECN1, and ATG16L1 mRNA is reduced in whole blood of KD patients compared with febrile and healthy controls, while IVIG treatment increases the expression of these autophagy-related genes (Huang et al., 2020). However, low expression of ATG16L1 mRNA persists in patients developing coronary artery lesions, further indicating that the autophagy/mitophagy pathway is disrupted during KD and could be a possible therapeutic target (Huang et al., 2020). Statins, specifically atorvastatin, have been used to treat KD patients developing giant coronary aneurysms to improve endothelial cell homeostasis (Niedra et al., 2014). Studies have shown that statins also block NLRP3 inflammasome activation by promoting autophagy/mitophagy (Andres et al., 2014; Peng et al., 2018; Tremoulet et al., 2019). In addition, alleviating ER stress in mice by deletion or pharmacological inhibition of ER resident endoribonuclease IRE1 also reduces LCWE-induced KD vasculitis as well as caspase-1 activity and IL-1β production, highlighting the importance of ER stress pathways in KD progression (Marek-Iannucci et al., 2022). Serum levels of β-hydroxy-γ-trimethylammonium butyrate (carnitine), an amine that transfers long-chain fatty acids across the IMM for β-oxidation, is found to be higher in IVIG non-responsive KD patients, hinting towards altered mitochondrial fatty acid metabolism and mitochondrial fuel dependency (Muto et al., 2022).
Increased platelet count is commonly reported in KD patients in the second to third week of disease onset (Levin et al., 1985; Arora et al., 2020), as well as in the LCWE-induced mouse model of KD (Kocatürk et al., 2023). Two separate platelet sub-populations co-exist in the peripheral blood of KD patients (Pietraforte et al., 2014). The first one is characterized by mitochondrial membrane potential loss, whereas the second one exhibits mitochondrial membrane potential hyperpolarization. These platelet sub-populations may potentially influence inflammasome responses, the redox state, and calcium balance in the development of the KD vasculitis (Pietraforte et al., 2014). Therefore, further studies are warranted to investigate the potential role of mitophagy and autophagy on the development of KD cardiovascular lesions.
5 THERAPEUTIC STRATEGIES TARGETING MITOCHONDRIA IN CVDS
Modulating mitochondrial function and reducing mitochondrial oxidative stress could be a therapeutic target to prevent and/or ameliorate CVDs. Mitochondria-targeted antioxidant MitoQ, is a synthetic ROS-scavenger that mimics the activity of mitochondrial CoQ10 (Murphy and Smith, 2007). MitoQ treatment is available orally, and safe (Rossman et al., 2018; Oliver and Reddy, 2019), and its uptake by the mitochondria is dependent on membrane potential (James et al., 2007). MitoQ alleviates doxorubicin-induced cardiomyopathy in rats (Chandran et al., 2009) and promotes vascular endothelial function in older patients by reducing age-related ROS accumulation (Rossman et al., 2018). Similarly, another mitochondria-targeted ROS scavenger mimetic, mitoTEMPO, decreases mPTP opening to prevent mitochondrial apoptosis (Liang et al., 2010), and reduces diabetic cardiomyopathy in mice (Ni et al., 2016).
Mitochondria generate ATP through OXPHOS, and byproducts of the TCA cycle, such as NAD+ in its reduced form, NADH, contribute as a primary source of electrons to this process (Figure 2). NAD+ is a cofactor involved in cellular metabolism and mitochondrial fitness, and reduced NAD+ levels are associated with dysfunctional mitochondria (Srivastava, 2016). Therefore, targeting and boosting NAD+ could improve mitochondrial function in CVDs. Dietary supplementation with NAD+ precursor nicotinamide mononucleotide (NMN) can restore mitochondrial function in murine models of heart failure (HF) (Wang Y. J. et al., 2021), dilated cardiomyopathy (Martin et al., 2017) and I/R injury (Yamamoto et al., 2014). NMN has also been shown to promote autophagy and to decrease hypertension-mediated stroke in rats (Forte et al., 2020). Oral supplementation of mice with nicotinamide riboside (NR), another NAD+ intermediate, also boosts NAD+ and attenuates heart failure and dilated cardiomyopathy (Diguet et al., 2018). Chronic supplementation with NR is well tolerated and effectively boosts NAD+ levels in healthy middle-aged and older adults (Martens et al., 2018).
Another important regulator of autophagy/mitophagy, SIRT1, an NAD-dependent deacetylase, is non-specifically activated by resveratrol, a natural polyphenol produced in plants (Baur and Sinclair, 2006), as well as synthetic sirtuin-activating compounds such as SRT1720 (Bonkowski and Sinclair, 2016). These molecules have been shown to limit disease severity in multiple rodent CVD models, including Ang-II-induced atherosclerosis (Chen et al., 2015), cardiac hypertrophy (Chan et al., 2008), and diabetic cardiomyopathy (Sulaiman et al., 2010). Boosting NAD+ levels activates sirtuins and improves mitochondrial function (Kane and Sinclair, 2018).
The AMPK pathway is another crucial regulator of mitochondrial biogenesis and mitophagy. As mentioned above, AMPK activates PGC1α to promote mitochondrial biogenesis (Kukidome et al., 2006; Jäger et al., 2007). Metformin activates AMPK and promotes survival during heart failure in mice (Gundewar et al., 2009). Resveratrol activates mitochondrial biogenesis via AMPK and downstream PGC1α and TFAM (Lagouge et al., 2006). Notably, resveratrol improves cardiac function in mice and rats with hypertension (Rimbaud et al., 2011; Magyar et al., 2012). Caloric restriction and exercise can also induce the AMPK pathway, promote mitophagy, and prevent inflammatory response (Laker et al., 2017; Chen et al., 2020). Furthermore, inhibition of mTOR with rapamycin induces mitophagy in mice cardiomyocytes and increases lifespan (Wei et al., 2015; Yang et al., 2019). Promising developments in approaches/drugs improving mitochondrial homeostasis in cardiac tissues are crucial for discovering novel therapeutic agents, and future studies are needed to explore better targets in the context of CVDs.
6 CONCLUSION
Proper mitochondrial functioning is essential for tissue homeostasis, particularly in cardiac tissues with high demand for energy, such as the heart. Therefore, MQC mechanisms are central to maintaining cardiac homeostasis via the clearance of damaged mitochondria. Adapting the mitochondrial network to stress allows the heart to preserve its function during disease. The pathology of CVDs is highly connected to mitochondrial structure, membrane potential, dynamics, and clearance. Maintaining the health of the mitochondrial network via MQC is necessary for the outcome of CVDs. Therefore, mitochondria-targeting agents are critical therapeutic options to prevent or alleviate mitochondrial dysfunction during cardiac pathology. Current studies have shown that cardiac tissue protection can be achieved through mitophagy, ROS detoxification mechanisms, replenishing mitochondria pool, and inter-organelle communication. Targeting these MQC pathways is pivotal in discovering new treatments for CVDs in the future.
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Cardiomyocyte hypertrophy, induced by elevated levels of angiotensin II (AngII), plays a crucial role in cardiovascular diseases. Current therapeutic approaches aim to regress cardiac hypertrophy but have limited efficacy. Widely used Japanese Kampo medicines are highly safe and potential therapeutic agents. This study aims to explore the impact and mechanisms by which Moku-boi-to (MBT), a Japanese Kampo medicine, exerts its potential cardioprotective benefits against AngII-induced cardiomyocyte hypertrophy, bridging the knowledge gap and contributing to the development of novel therapeutic strategies. By evaluating the effects of six Japanese Kampo medicines with known cardiovascular efficiency on AngII-induced cardiomyocyte hypertrophy and cell death, we identified MBT as a promising candidate. MBT exhibited preventive effects against AngII-induced cardiomyocyte hypertrophy, cell death and demonstrated improvements in intracellular Ca2+ signaling regulation, ROS production, and mitochondrial function. Unexpectedly, experiments combining MBT with the AT1 receptor antagonist losartan suggested that MBT may target the AT1 receptor. In an isoproterenol-induced heart failure mouse model, MBT treatment demonstrated significant effects on cardiac function and hypertrophy. These findings highlight the cardioprotective potential of MBT through AT1 receptor-mediated mechanisms, offering valuable insights into its efficacy in alleviating AngII-induced dysfunction in cardiomyocytes. The study suggests that MBT holds promise as a safe and effective prophylactic agent for cardiac hypertrophy, providing a deeper understanding of its mechanisms for cardioprotection against AngII-induced dysfunction.
Keywords: Kampo medicine, cardiomyocyte hypertrophy, mitochondria, angiotensin-receptor blocker, mitochondria fission/fusion dynamics, ROS, Ca2+ homeostasis, cell volume regulation
INTRODUCTION
Heart Failure (HF) occurs when the heart cannot pump enough blood to meet the body’s needs, causing various symptoms such as shortness of breath, fatigue, and swelling of the legs and ankles. It is a rapidly growing public health problem, affecting at least 20–40 million people worldwide (Ziaeian and Fonarow, 2016; Savarese and Lund, 2017). Drug therapy is a cornerstone of HF treatment to address this problem. Various drugs targeting G protein-coupled receptors and ion channels are available to prevent the deterioration of ventricular systolic function and reduce mortality in patients (Rahm et al., 2018; Thai et al., 2023). On the other hand, medications used for conditions other than HF, such as antihypertensives and antidiabetic drugs, are prescribed only to people with pre-existing conditions because they can make HF worse (Page et al., 2016). Therefore, there is an urgent need to develop more effective therapeutic agents to improve the quality of life of patients and reduce the burden of medical costs associated with HF.
Excessive activation of a bioactive substance, angiotensin II (AngII), has been suggested to be involved in the onset and progression of HF. AngII induces physiological changes such as vasoconstriction, fibrosis, and cell death, associated with impaired mitochondrial function (Benigni et al., 2010). Recent studies have shown that continuous intracellular Ca2+ signaling is the cause of cardiac hypertrophy and HF (Bers, 2006). Furthermore, intracellular Ca2+ homeostasis regulation has been shown that a good balance between mitochondrial fission and fusion is critical for maintaining mitochondrial morphology and function in the heart and that disruption of this balance leads to the development of heart disease (Brown et al., 2017; Zhou and Tian, 2018; Yang et al., 2021). Therefore, excessive stimulation of AngII to cardiomyocytes that exacerbates HF can lead to abnormally elevated intracellular Ca2+ concentration [(Ca2+)i] levels, leading to cell death associated with mitochondrial dysfunction and cell volume regulation failure (Hunyady and Catt, 2006; Okada et al., 2019).
Moku-boi-to (MBT), a Japanese herbal medicine, is composed of four crude drugs: Sekkou; Gypsum Fibrosum, Keishi; bark of Cinnamomumi cassia Blume, Boui; Sinomeni Caulis et Wilson, and Ninjin; roots of Panax ginseng C.A. Mayer. MBT has an antiarrhythmic effect on the myocardium, and sinomenine, a crude drug component contained in MBT, exerts a myocardial protective effect by reducing Ca2+ influx into cells (Satoh, 2005; Satoh, 2017). It is empirically known to be effective mainly for renal edema and HF and has been used clinically in Japan for centuries (Yaku et al., 2022).
In this study, we used an AngII-induced cardiomyocyte hypertrophy model to evaluate the effects of MBT on AngII-induced mitochondrial dysfunction and cell death. Furthermore, we investigated the regulatory mechanisms of calcium homeostasis and elucidated the impact of MBT on this process.
MATERIALS AND METHODS
Materials
The following Japanese Kampo medicines were used in this study: Sho-seiryu-to (TJ-19), Boi-ogi-to (TJ-20), Mao-to (TJ-27), Moku-boi-to (MBT) (TJ-36), Yokukan-san (TJ-54), and Mashinin-gan (TJ-126). These Japanese Kampo medicines were obtained from TSUMURA & CO. (Tokyo, Japan). Each reagent was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 250 mg/mL and diluted to the desired final concentration as aliquots.
Isoproterenol hydrochloride (ISO) was purchased from Sigma-Aldrich (MO, United States). Losartan potassium and carboxymethyl cellulose sodium salt (CMC) was purchased from Fujifilm Wako (Osaka, Japan). Angiotensin II (AngII) was purchased from Peptide Institute Inc. (Osaka, Japan). Immunostaining reagents, including rhodamine-conjugated phalloidin were obtained from Abcam (ab235138, Abcam, Cambridge, United Kingdom), and MitoTracker Red CMXRos were obtained from Invitrogen (CA, United States). The reactive oxygen species (ROS) indicator, H2DCFDA, was obtained from Invitrogen, and the Ca2+ indicator, Fluo-4, was obtained from Dojindo (Kumamoto, Japan).
Animals
All animal-related procedures were conducted in strict accordance with the Guide for Care and Use of Laboratory Animals and received prior approval from the Animal Ethics Committee of Akita University (Akita, Japan). The ethics review number for these protocols were a-1-0412 and b-1-0408. For neonatal rat ventricular myocytes (NRVMs), to obtain neonatal rat ventricular myocytes (NRVMs) for the experiment, Wistar rats aged 1–3 days after birth were used. For the mice experiments, 10–12 weeks old male C57BL/6J mice, bred to the local environment, were employed. These mice were housed in polypropylene cages under controlled environmental conditions, which incubated a temperature of 25°C ± 1°C, humidity regulation, and a 12-h light/dark cycle.
ISO injection and drug administration
ISO group mice were treated with daily intraperitoneal injections of ISO (30 mg/kg body weight, once a day) (Sigma-Aldrich), following the established protocol detailed in previous studies (Park et al., 2018; Cheng et al., 2020). MBT was dissolved in 0.5% CMC (Fujifilm Wako). Vehicle and MBT (500 mg/body weight, once a day, p.o.) was administered orally for 14 days (once daily) in a volume of 1 mL/100 g of a body weight of mice, starting from the onset of ISO injection.
Echocardiography and measurement of cardiac hypertrophy
Noninvasive echocardiographic measurements were conducted on anesthetized mice using a mixture of ketamine (50 mg/kg body weight, i.p.) (Daiichi Sankyo Pharmaceutical Co., Ltd., Tokyo, Japan) and xylazine (5 mg/kg body weight, i.p.) (Bayer Yakuhin, Ltd., Osaka, Japan). A VisualSonics Vevo 770 system, equipped with a 30-MHz linear transducer, was used (FUJIFILM VisualSonics Inc., Toronto, Canada). To visualize the heart, two-dimensional parasternal short-axis views were obtained, and an M-mode echocardiogram of the midventricle was recorded, focusing on the papillary muscles. Echocardiographic measurements included diastolic and systolic LV wall thickness, LV end-diastolic diameter (LVEDD), and LV end-systolic diameter (LVESD). All measurements adhered to the guidelines the American Society of Echocardiography set forth and were taken from leading edge to leading edge. The percentage of LV fractional shortening (FS%) was computed using the formula [(LVEDD—LVESD)/LVEDD] × 100. Two-dimensional (2D)-guided M-mode measurements were used to determine both FS% and the percentage of LV Ejection Fraction (EF%). Following the completion of echocardiography and before sacrifice, mice were euthanized through cervical spine fracture-dislocation for cardiac hypertrophy assessment. Subsequently, the thoracic cavity was opened, and the hearts were promptly excised and weighed.
Mouse tissue collection, histochemical staining
For mouse tissue collection, fixation, and sectioning, the mice were initially weighed and then subjected to deep anesthesia through a mixture of ketamine (100 mg/kg body weight, i.p.) (Daiichi Sankyo Pharmaceutical Co., Ltd.) and xylazine (10 mg/kg body weight, i.p.) (Bayer Yakuhin, Ltd.). Subsequently, their hearts were removed, any blood was carefully wiped away, and the heart weights were measured. The hearts were then fixed in 4% paraformaldehyde phosphate buffer solution (Nacalai Tesque, Kyoto, Japan) at 4°C overnight and subsequently embedded in paraffin. Tissue sections with a thickness of 3 μm were obtained from various locations. For histochemical staining, the tissue sections were deparaffinized and subjected to H&E (HE: hematoxylin and eosin) and Masson’s trichrome (MT) staining following standard protocols. The slides were observed and imaged using a BZ-X800 Keyence inverted microscope (Osaka, Japan). Heart sections from a minimum of 5 mice per group were analyzed. To account for individual variations, the heart weight presented in Figure 7G was calculated by dividing the heart weight by the body weight and expressed as heart weight (HW)/body weight (BW) (mg/g).
Cell culture
NRVMs were isolated from the hearts of 1-3-day-old Wistar rats. The rat pups were sacrificed by decapitation. NRVMs were isolated using the Pierce cardiomyocyte isolation kit (Thermo Fisher Scientific, MA, United States) following the provided protocol. Briefly, the heart tissue was minced using scissors and subjected to enzymatic treatment. The tissue was then filtered through a 100 μm filter to remove large tissue fragments. The enzyme in the medium was removed by washing it with Hank’s Balanced Salt Solution (HBSS) buffer (Thermo Fisher Scientific). The cell suspension was subsequently resuspended in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific) and gently agitated by pipetting. The NRVMs were seeded onto uncoated 100 mm culture dishes and placed in a CO2 incubator at 37°C for 90 min; this incubation period allowed non-cardiomyocytes that did not attach to the bottom of the culture dish to be removed. After the incubation, the NRVMs adhering to the culture dish were recovered. The number of NRVMs was determined based on the specific requirements of each experiment. The cells were cultured for 3–4 days before the experiments were conducted. In accordance with the manufacturer’s manual and consistent with previous findings (Ali et al., 2019), our cell population exhibited high cardiomyocyte purity, with over 95% of cells testing positive for cardiac troponin T (cTnT) (cTnT-positive cells: 95.8% ± 2.6%, n = 5), while endothelial cells {platelet endothelial cell adhesion molecule-1 [PECAM-1 (CD31)]-positive cells} were minimally present (PECAM-1-positive cells: 3.8% ± 2.3%, n = 5). We used cTnT antibody (1:500) (sc-20025, Santa Cruz, CA, United States) and PECAM-1 antibody (1:500) (sc-376764, Santa Cruz) for immunostaining, and confirmation was obtained through fluorescence microscopy (BZ-X800, Keyence).
Morphological analysis and immunocytochemistry of NRVMs
Morphological analysis of NRVM hypertrophy and immunocytochemistry were conducted following previously described methods (Tagashira et al., 2023). NRVM cells subjected to each experimental condition were fixed with 4% formaldehyde. The fixed cells were then blocked by incubation with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). For cell size measurements, the fixed cells were incubated with rhodamine-phalloidin reagent (Abcam) in PBS containing 1% BSA for 1 h at room temperature. Mitochondrial staining was performed as previously described (Tagashira et al., 2023). For mitochondrial membrane potential and size measurements, the cells were stained with 0.1 μM MitoTracker Red CMXRos (M7512, Invitrogen) in serum-free DMEM for 30 min. For immunocytochemistry, the cells were incubated with anti-dynamin related protein 1 (DRP1) antibody (sc-101270, Santa Cruz) (1:200) in PBS containing 1% BSA at 4°C for overnight to assess DRP1 morphology.
Random cell images were captured using a fluorescence microscope (BZ-X800, Keyence, Osaka, Japan) with a BZ-X filter for cell size measurements. Cross sectional area (CSA) was quantified using the ImageJ program (Schneider et al., 2012). All cells from randomly selected fields were analyzed, and a minimum of 100 myocytes were measured for each experimental condition. Immunofluorescence images for DRP1, mitochondrial membrane potential, and mitochondrial morphology measurements were acquired randomly using a confocal laser scanning microscope (LSM980, Carl Zeiss Microscopy, Jena, Germany) at the appropriate excitation/emission wavelengths. Fluorescence intensity and mitochondrial length were measured using the ImageJ program. For mitochondrial length analysis, at least 60 mitochondria were calculated for each experimental condition, including all mitochondria within the cells (Jong et al., 2019). The Calmpfit software (Clampex 11.2, Molecular Devices, CA, United States) was utilized to determine the average value obtained through Gaussian fitting of the distribution map, with the length of mitochondria plotted along the horizontal axis. The 50% inhibition concentration (IC50) of MBT was calculated in GraphPad Prism 9 (GraphPad software, CA, United States), using the sigmoidal dose-response equation “log [inhibitor] vs. response–variable slope,” defined as:
[image: image]
Where “Top” represents the maximal response, “Bottom” represents the maximally inhibited response, and “Hill slope” represents the steepness of the curve.
Measurement of cell viability and cytotoxicity
Cell viability was assessed using a colorimetric MTT assay kit (Cell counting kit-8; Dojindo). NRVMs were cultured at 4.0 × 105 cells/mL in 96-well plates and maintained in DMEM. Measurements were conducted 72 h after treatment with 100 nM AngII using absorbance at 450 nm wavelengths on a Multiskan JX plate reader (model 353, Thermo Fisher Scientific). The cell viability depicted in Figures 2E, 5C is presented as a relative value (%) of the absorbance obtained in each experiment, normalized to the average value of the control condition. To assess cardiomyocyte cytotoxicity, we employed a colorimetric lactate dehydrogenase (LDH) activity assay kit (Cytotoxicity LDH Assay Kit-WST, Dojindo) following the manufacturer’s protocol. NRVMs were plated at a 4.0 × 105 cells/mL density in 96-well plates and cultured in DMEM. Measurements were conducted 72 h after exposure to 100 nM AngII. The release of LDH activity was quantified using an Infinite M200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland) by measuring the absorbance of the formazan dye at an optical wavelength of 490 nm. Cytotoxicity data, as presented in Figures 2F, 5D, were calculated in accordance with the manufacturer’s instructions.
Measurement of intracellular Ca2+, ROS, and ATP content
[Ca2+]i measurements using Fluo-4 AM (F312, Dojindo) and ROS measurements using H2DCFDA (C400, Invitrogen) were conducted following the manufacturer’s protocol. NRVMs were cultured in 96-well plates at 4.0 × 105 cells/mL and maintained in DMEM. [Ca2+]i and ROS measurements were performed 48 h after treatment with 100 nM AngII. For [Ca2+]i measurements, cells were incubated with 5 μM Fluo-4 AM in Hank’s Balanced Salt Solution (HBSS) (Thermo Fisher Scientific) containing 1 mM CaCl2 for 30 min at 37°C in a CO2 incubator. After washing with HBSS, [Ca2+]i levels at excitation/emission wavelength = 485/538 nm were quantified using a fluorescence microplate reader (Fluoroskan Ascent, Thermo Fisher Scientific). For ROS measurements, cells were treated with 5 μM H2DCFDA in HBSS for 30 min at 37°C in a CO2 incubator. Subsequently, the cells were washed with HBSS, and ROS levels at excitation/emission wavelength = 485/538 nm were measured using a fluorescence microplate reader (Fluoroskan Ascent, Thermo Fisher Scientific). ATP measurement was performed using an ATP assay kit (Fujifilm Wako), following the manufacturer’s protocol as previously described (Tagashira et al., 2023). Luminescence was recorded using a Lumitester C-110 (Kikkoman Biochemifa, Tokyo, Japan). The ATP content presented in Figure 2G is expressed as a relative value (%) of the absorbance obtained in each experiment, normalized to the average value of the control condition.
RNA isolation and real time-PCR
RNA isolation followed a previously described protocol (Numata et al., 2021). Total RNA was extracted from NRVMs using the NucleoSpin® RNA Plus kit (Takara-Bio, Otsu, Japan) according to the manufacturer’s instructions. The concentration and purity of the extracted RNA were assessed using a Nanodrop-ND1000 spectrophotometer (Thermo Fisher Scientific). Reverse transcription of the total RNA samples was performed using the Prime-Script™ II 1st Strand cDNA Synthesis Kit (Takara-Bio) with Prime-Script RTase for 60 min at 42°C, following the manufacturer’s protocol. Quantitative real-time PCR was carried out using the SYBR Green Real time PCR Master Mix -Plus (Toyobo Co., Ltd., Osaka, Japan) on a LightCycler® 480 real-time PCR system (Roche Diagnostics Ltd., Rotkreuz, Switzerland), following the manufacturer’s instructions. Gene-specific primer sequences were synthesized by FASMAC (Kanagawa, Japan). The rat primer sequences used were as follows: Atrial natriuretic peptide (ANP) (NM_012612.2, 105 bp) forward and reverse primers: 5′-AAA​TCC​CGT​ATA​CAG​TGC​GG-3′, and 5′-GGA​GGC​ATG​ACC​TCA​TCT​TC-3′, respectively (Böckmann et al., 2019); Brain natriuretic peptide (BNP) (NM_031545.1, 364 bp) forward and reverse primers: 5′-CCA​TCG​CAG​CTG​CCT​GGC​CCA​TCA​CTT​CTG-3′, and 5′-GAC​TGC​GCC​GAT​CCG​GTC-3′, respectively (Birnbaum et al., 2019); β-myosin heavy chain (β-MHC) (NM_017240.2, 238 bp) forward and reverse primers: 5′-TGC​AGT​TAA​AGG​TGA​AGG​C-3′, and 5′-CAG​GGC​TTC​ACA​GGC​AT-3′, respectively (Liu et al., 2018); Regulator of calcineurin 1 (RCAN1) (NM_153724.2, 206 bp) forward and reverse primers: 5′-GCC​CGT​TGA​AAA​AGC​AGA​AT-3′, and 5′-GAC​AGG​GGG​TTG​CTG​AAG​TT-3′, respectively (Friedrich et al., 2014); AT1AR (NM_030985.4, 306 bp) forward and reverse primers: 5′-CGT​CAT​CCA​TGA​CTG​TAA​AAT​TTC-3′, and 5′-GGG​CAT​TAC​ATT​GCC​AGT​GTG-3′, respectively (Miyata et al., 1999); AT1BR (NM_031009.2, 345 bp) forward and reverse primers: 5′-CAT​TAT​CCG​TGA​CTG​TGA​AAT​TG-3′, and 5′-GCT​GCT​TAG​CCC​AAA​TGG​TCC-3′, respectively (Miyata et al., 1999); AT2R (NM_012494.4, 1126 bp) forward and reverse primers: 5′- TTG​CTG​CCA​CCA​GCA​GAA​AC-3′, and 5′-GTG​TGG​GCC​TCC​AAA​CCA​TTG​CTA-3′, respectively (Xu et al., 2002); Sodium-calcium exchanger 1 (NCX1) (NM_019268.4, 334 bp) forward and reverse primers: 5′-GGA​TGT​GGT​TGA​AAA​TGA​CCC​AGT-3′, and 5′-TAT​GCC​ATC​TTC​CGA​GAC​TTC​TGA-3′, respectively (Nagano et al., 2004); Ryanodine receptor 1 (RyR1), (NM_001419537.1, 101 bp) forward and reverse primers: 5′-CAA​GCG​GAA​GGT​TCT​GGA​CA-3′, and 5′-TGT​GGG​CTG​TGA​TCT​CCA​GAG-3′, respectively (Ferretti et al., 2015); RyR2 (NM_032078.3, 130 bp) forward and reverse primers: 5′-CAT​CGG​TGA​TGA​AAT​TGA​AGA-3′, and 5′-AGC​ATC​AAT​GAT​CAA​ACC​TTG-3′, respectively (Jurkovicova et al., 2007); type 2 inositol 1,4,5-trisphosphate receptor (IP3R2) (NM_031046.4, 362 bp) forward and reverse primers: 5′-GCT​CTT​GTC​CCT​GAC​ATT​G-3′, and 5′-CCC​ATG​TCT​CCA​TTC​TCA​TAG​C-3′, respectively (Jurkovicova et al., 2007); DRP1 (NM_053655.3, 148 bp) forward and reverse primers: 5′-AGA​ATA​TTC​AAG​ACA​GCG​TCC​CAA​AG-3′, and 5′-CGC​TGT​GCC​ATG​TCC​TCG​GAT​TC-3′, respectively (da Silva et al., 2014); Translocase of the outer mitochondrial membrane 20 (Tom20) (NM_152935.2, 198 bp) forward and reverse primers: 5′-TGG​GCT​TTC​CAA​GTT​ACC​TGA​TT-3′, and 5′-ACT​GGT​GGT​GGA​AGA​GTC​TGT​TGT​A-3′, respectively (Tian et al., 2022); Voltage-dependent anion channel 1 (VDAC1) (NM_031353.2, 242 bp) forward and reverse primers: 5′-CAA​CAC​GGA​GAC​CAC​CAA​AG-3′, and 5′-CAC​AGC​CCA​GGT​TGA​TAT​GC-3′, respectively (Li et al., 2023); Mitofusin 1 (Mfn1) (NM_138976.2, 140 bp) forward and reverse primers: 5′-CTC​GGA​ATC​AAC​GCT​GAT​GAA​C-3′, and 5′-TGC​GCA​CAT​CCT​CCA​TAT​ATT​CT-3′, respectively (Leduc-Gaudet et al., 2018); Mfn2 (NM_130894.4, 412 bp) forward and reverse primers: 5′-CTC​AGG​AGC​AGC​GGG​TTT​ATT​GTC​T-3′, and 5′-TGT​CGA​GGG​ACC​AGC​ATG​TCT​ATC​T-3′, respectively (Gao et al., 2012); Opa1 (NM_133585.3, 189 bp) forward and reverse primers: 5′-AAG​AAC​CTG​GAA​TCT​CGA​GGA​GTC​G-3′, and 5′-CCA​GAA​CAG​GAC​CAC​GTC​GTT​GC-3′, respectively (da Silva et al., 2014); Mitochondrial fission 1 protein (Fis1) NM_001401051.1, 130 bp) forward and reverse primers: 5′-ACA​ATG​ACG​ACA​TCC​GTA​GAG​G-3′, and 5′-GCC​TTT​TCA​TAT​TCC​TTG​AGC​CG-3′, respectively (Leduc-Gaudet et al., 2018); Mitochondrial fission process protein 1 (Mtfp1) (NM_001006960.1, 102 bp) forward and reverse primers: 5′-AGA​TGA​AGG​CCC​TGA​GGA​GT-3′, and 5′-CCA​GTG​TTC​GTT​CCC​ACT​CA-3′, respectively (designed by authors using Primer-BLAST); β-actin (NM_031144.3, 77 bp) forward and reverse primers: 5′-ACT​ATC​GGC​AAT​GAG​CGG​TTC-3′, and 5′-ATG​CCA​CAG​GAT​TCC​ATA​CCC-3′, respectively (Bao et al., 2017); Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (NM_017008.4, 140 bp) forward and reverse primers: 5′-GCA​AGT​TCA​ACG​GCA​CAG-3′, and 5′-GCC​AGT​AGA​CTC​CAC​GAC​AT-3′, respectively (Liu et al., 2018). PCR was conducted using KOD-Plus-Ver.2 (Toyobo) with the following conditions: initial denaturation at 94°C for 2 min, followed by 35 cycles of denaturation at 98°C for 10 s, annealing at 55°C for 30 s, and a final extension at 68°C for 60 s. The real-time PCR reactions were performed in triplicate for each sample, and the cycling conditions were as follows: initial denaturation at 95°C for 30 min, followed by 40 cycles of denaturation at 95°C for 5 s, annealing at 55°C for 10 s, and extension at 72°C for 90 s. Melting curve analysis was performed to verify the specificity of the amplification. The relative expression levels of the target genes were normalized to the expression of the housekeeping gene GAPDH. To ensure the reliability of the normalization process, we also evaluated the expression of another housekeeping gene, β-actin. This analysis was conducted meticulously and confirmed no significant differences compared to the expression levels of GAPDH. The data were analyzed using the ΔΔCt method to calculate the mRNA level. Additionally, a representative gel image of the real-time PCR products was captured using gel electrophoresis to confirm the specificity of the amplification. The PCR products were separated on a 2% agarose gel and visualized using GelRed™ (Fujifilm Wako) staining.
Western blot analysis
Western blot analysis followed established procedures, as previously described (Numata et al., 2021). Briefly, NRVMs were lysed in radio-immunoprecipitation assay (RIPA) buffer (Nacalai Tesque) and centrifuged at 15,000 g for 15 min. Whole-cell lysates were fractionated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) on either 10% polyacrylamide gels. Following electrophoresis, proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was then incubated with primary antibodies, specifically anti-DRP1 antibody (1:500) (sc-101270, Santa Cruz) and anti-β-actin antibody (1:2000) (A1978, Sigma-Aldrich) as internal standard. After the primary antibody incubation, the blots were incubated with the secondary antibody of mouse IgG (1:2000) (NA9310, Amersham, Little Chalfont, United Kingdom). Immunoreactivities were visualized using a chemiluminescence reagent (ImmunoStar Zeta, Fujifilm Wako). The chemiluminescence emitted by the membrane was detected using the LumiVision Pro 400EX system (Aisin Seiki Co., Ltd., Aichi, Japan). Quantitative analysis of the Western blot results was performed using the ImageJ program.
Statistical analysis
Statistical analysis and preparation of figures were performed using GraphPad prism software (version 9, GraphPad software). Results were expressed as mean ± standard error of the mean (SEM). To assess the difference between two means, the Student’s t-test was employed after conducting an F-test to verify the equality of variances within the population of assessments. A p-value of p < 0.05 was considered statistically significant to determine the presence of a significant difference. Experimental procedures were repeated at least three times independently to ensure reproducibility of results. Data are represented visually using bar or line graphs, mean values are shown, and error bars represent SEM. We followed Chou’s paper as a reference in calculating the combination index (CI) (Chou, 2010).
RESULTS
Effect of MBT on AngII-induced cardiomyocyte hypertrophy and death in cultured NRVMs
Angiotensin II (AngII) is a well-established inducer of cardiomyocyte hypertrophy (Sadoshima and Izumo, 1993). Previous studies have commonly used a concentration of 100 nM AngII to induce hypertrophy and cell death in cardiomyocytes (Huang et al., 2014; Li et al., 2014; Chhor et al., 2023). Therefore, we employed primary neonatal rat ventricular cardiomyocytes (NRVMs) and induced cardiomyocyte hypertrophy by treating them with 100 nM AngII in this study.
As shown in Figure 1, we observed cardiomyocyte hypertrophy at 0, 12, 24, and 48 h after 100 nM AngII administration. The CSA increased to 140.09% ± 6.90%, 168.43% ± 8.85%, and 209.46% ± 11.51% (n = 102–112), respectively. These findings are consistent with previous reports on cell hypertrophy induced by AngII (Feng et al., 2019). Notably, the most significant cardiomyocyte hypertrophy was observed 48 h after AngII administration, and cytotoxicity became apparent at 72 h. Based on these observations, we decided to conduct further experiments at the 48 h.
[image: Figure 1]FIGURE 1 | Cardiomyocyte hypertrophy in Neonatal Rat Ventricular Myocytes (NRVM) induced by 48 h after AngII challenge. (A) Time course of AngII-induced cardiomyocyte hypertrophy in NRVM. Representative cells are shown in transmitted light images (upper row) and rhodamine-conjugated phalloidin-stained fluorescence images (lower row). Hypertrophy of NRVM cells occurs up to 72 h (h) after administration of 100 nM AngII. Scale bar = 50 µm. (B) Quantification of CSA from the rhodamine-conjugated phalloidin stained images in (A), demonstrating the temporal progression of CSA across multiple samples (n = 102–112). (C) Rhodamine-conjugated phalloidin staining shows cell density at 48 and 72 h post AngII administration. Scale bar = 50 µm. (D) Statistical analysis of cell density based on multiple observations as depicted in (C) (n = 5). Each column represents the mean ± SEM. **, p < 0.01 versus control cells.
Building upon the positive outcomes observed in previous cases and reports regarding the efficacy of Japanese Kampo medicines in cardiac amyloidosis, myocarditis, and HF [TJ-20 (Gautam et al., 2014), TJ-27 (Shijie et al., 2010), TJ-36 (Miho et al., 2019), TJ-126 (Imamura et al., 2022)], our study focused on investigating their direct effects on ventricular myocytes. This investigation aimed to assess the impact of these medicines. In addition, to explore unexplored aspects, we included TJ-19 (Amagaya et al., 2001) and TJ-54 (Yoshida et al., 2022) demonstrating an exacerbating effect on electrocardiograms and conducted a comprehensive analysis involving six specific herbal medicines.
Previous reports of cell-based Kampo medicines screening tests have shown efficacy at concentration ranging from 250 to 500 μg/mL (Liao et al., 2013; Teklemichael et al., 2020). In line with these reports, we examined the effect of these herbal medicines on AngII-induced cardiomyocyte hypertrophy at a concentration of 500 μg/mL.
Six herbal medicines treatment in control NRVMs had no effect on CSA. However, administration of MBT (Hypertrophic cells + MBT) partially but significantly inhibited cell hypertrophy at 48 h after AngII administration (Figures 2A, B), whereas none of the other five Japanese Kampo medicines (Sho-seiryu-to, Boi-ogi-to, Mao-to, Yokukan-san, and Mashinin-gan) showed any significant effect. Subsequently, we investigated the dose dependence of MBT on AngII-induced hypertrophy. MBT dose-dependently inhibited hypertrophy induced by AngII, with an IC50 of 214.7 μg/mL and Hill slope of 0.7 (Figure 2C). Based on these results, we treated the cells with MBT at a 500 μg/mL concentration to further investigate the factors associated with the anti-hypertrophic effect, specifically at 48 h following AngII treatment.
[image: Figure 2]FIGURE 2 | Dose-dependent prevention of AngII-induced cardiomyocyte hypertrophy and preservation of cell viability in NRVM by Japanese Kampo Moku-Boi-To. (A) Evaluation of the antihypertrophic effect of six types of Japanese Kampo medicines on AngII-induced myocardial hypertrophy. Each group comprises more than 100 cells (n = 101–118). (B) Dose-dependent inhibition of 100 nM AngII-induced hypertrophy by MBT. Representative image of cells stained with rhodamine-conjugated phalloidin at each concentration. Scale bar = 50 µm. (C) Statistical analysis of dose-dependent inhibition curve of MBT against 100 nM AngII-induced hypertrophy, based on multiple observations as depicted in (B). Each group comprises more than 100 cells (n = 100–111). (D–I) Evaluation of the effects of AngII and MBT. NRVMs were treated with control, 100 nM AngII treatment (Veh: vehicle), or AngII +500 μg/mL MBT. (D) Quantitative real-time PCR analysis of hypertrophic gene markers, including ANP, BNP, β-MHC, and RCAN1. (E) Cell viability (n = 5). (F) Cytotoxicity (n = 4–5). (G) Intracellular ATP content (n = 4–5). (H) Intracellular ROS generation (H2DCFDA intensity) (n = 4–5). (I) Intracellular Ca2+ concentration (Fluo-4 intensity) (n = 4–5). Each column represents the mean ± SEM. *, p < 0.05; **, p < 0.01 indicate a significant difference compared to control cells. #, p < 0.05, ##, p < 0.01 indicate a significant difference compared to AngII + vehicle (Veh) treated cells.
To further elucidate the effect of MBT on cardiac hypertrophy, we conducted qRT-PCR experiments to measure the expression of ANP, BNP, β-MHC, and RCAN1 mRNA levels, all of which serve as markers of cardiac hypertrophy (Figure 2D). In response to AngII treatment, the expression of these markers increased significantly, but their levels were suppressed by MBT treatment. Additionally, MBT ameliorated AngII-induced cellular cytotoxicity (Figures 2E, F). Importantly, treatment with MBT alone did not result in any significant changes compared to control cells, demonstrating that MBT at a concentration of 500 μg/mL does not induce cardiomyocyte toxicity (Figures 2E, F).
Cardiomyocyte hypertrophy is known to be associated with abnormalities in elevated intracellular levels of ATP, ROS, and [Ca2+]i (Brown et al., 2017; Quiles and Gustafsson Å, 2022). To investigate the protective effect of MBT, we investigated intracellular signals when NRVM was treated with AngII for 48 h. The results depicted in Figures 2G–I reveal that the AngII-treated group exhibited a notable reduction in ATP content and increase in intracellular ROS and Ca2+ concentrations. These results are consistent with previous reports (Wang et al., 2012; Tagashira et al., 2014; Zhao et al., 2020) regarding the effects of AngII on ATP, ROS, and [Ca2+]i levels. However, in the MBT-treated group, the AngII-induced depletion of ATP and elevation in ROS and [Ca2+]i were effectively mitigated, indicating the protective effect of MBT against these abnormalities.
Collectively, these results provide strong evidence that MBT effectively mitigates AngII-induced cardiomyocyte hypertrophy and cell death.
Effects of MBT on mitochondrial morphology and function in AngII-treated NRVMs
Figures 3A, B demonstrates increased mitochondrial accumulation of DRP1, a protein essential for mitochondrial fragmentation, in the AngII-treated group (AngII). Additionally, a decrease in the fluorescence intensity of MitoTracker Red CMXRos, a marker that enters mitochondria in a voltage-dependent manner, was observed (Figures 3A, C, AngII, Veh). Mitochondrial fragmentation was enhanced, leading to a significant decrease in mitochondrial length compared to control NRVMs, although the expression level of DRP1 was not affected (Figures 3A, D, E, G–J). These findings indicate that AngII treatment induces abnormalities in mitochondrial morphology and function at 48 h, contributing to cardiomyocyte hypertrophy and death. In contrast, MBT treatment prevented the increased accumulation of DRP1 in mitochondria induced by AngII, restored the fluorescence intensity of MitoTracker Red CMXRos, and attenuated mitochondrial fragmentation (Figures 3A–C, F, G). Collectively, these results demonstrate that MBT directly acts on cardiomyocytes to ameliorate mitochondrial morphological and functional abnormalities.
[image: Figure 3]FIGURE 3 | Mitochondrial Improvement by MBT in AngII-Treated NRVMs. Mitochondrial assessment of NRVMs under different conditions: control, 100 nM AngII treatment [vehicle (Veh)], and AngII +500 μg/mL MBT. (A) Immunofluorescence imaging showing DRP1 (green) and mitochondria (red). Scale bar = 20 μm. (B) Ratio of DRP1-bound mitochondria to total mitochondria (n = 5). (C) Quantification of mitochondrial membrane potential using MitoTracker Red CMXRos intensity (n = 8–9). (D–F) Distribution of mitochondrial length (n = 5). (G) Bar graph representing the average mitochondrial length obtained by Gaussian fitting of data from (D–F) (n = 5). (H) Quantitative real-time PCR analysis of DRP1 (n = 3). (I) Representative images of Western blot analysis of DRP1 and β-actin expression are shown. (J) Densitometric quantification of DRP1/β-actin immunoreactive bands (n = 3–4). Each column represents the mean ± SEM. *, p < 0.05 and **, p < 0.01 indicate significant differences compared to the control. ##, p < 0.01 indicates a significant difference compared to AngII + vehicle (Veh) treated cells.
Effects of MBT on AngII receptors pathway in NRVMs
Ang II receptor antagonists have been implicated in mitochondria protection and the modulation of Ca2+ signaling through the AT receptors (ATRs) pathway (Javadov and Escobales, 2015). Thus, we aimed to elucidate the expression patterns of the specific AngII receptor subtypes, AT1 and AT2, in NRVMs. Our analysis revealed a prominent expression of AT1AR in NRVMs, while AT1BR and AT2R expression levels were minimal (Figures 4A, B). Although no significant changes were observed in AngII-treated NRVMs compared to control NRVMs, a notable declining trend in AT1AR mRNA levels were evident (Figures 4A, B). On the other hand, AT1AR mRNA expression was upregulated in the MBT-treated group (Figures 4A, B).
[image: Figure 4]FIGURE 4 | Expression of ATRs, Ca2+ homeostasis-related genes, and mitochondria-related genes in NRVMs. Evaluation of mRNA expression changes in ATRs, Ca2+ homeostasis-related genes, and mitochondrial fusion/fission factors in NRVMs under different conditions: control, 100 nM AngII treatment [vehicle (Veh)], and AngII +500 μg/mL MBT. (A) mRNA expression of ATRs. PCR products obtained from NRVMs treated under different conditions show the expression of AT1AR, AT1BR, AT2R, and a constitutively transcribed control GAPDH. Nucleotide sequences of the PCR products obtained using ATRs-specific primers are identical to the corresponding sequences of AT1AR (306 bp), AT1BR (345 bp), AT2R (1126 bp), and GAPDH (140 bp), respectively. (B) Quantitative real-time PCR analysis of AT1AR, AT1BR, and AT2R mRNA levels (n = 3). (C) Quantitative real-time PCR analysis of Ca2+ homeostasis-related genes NCX1, RyR1, RyR2, and IP3R2 (n = 3). (D) Quantitative real-time PCR analysis of mitochondrial transport-related factors Tom20 and VDAC1 (n = 3). (E) Quantitative real-time PCR analysis of mitochondrial fusion factors Mfn1/2 and Opa1 and mitochondrial fragmentation factors Fis1 and Mtfp1 (n = 3). Data are presented as fold changes compared to control NRVM values. Each column represents mean ± SEM. *, p < 0.05 indicates a significant difference compared to control. #, p < 0.05 and ##, p < 0.01 indicate significant differences compared to AngII + vehicle (Veh) treated cells.
In the context of hypertrophic myocardium induced by AngII, intracellular Ca2+ levels are known to be elevated (Wang et al., 2012), and we observed an improvement in Ca2+ homeostasis in the MBT treatment group (Figure 2I). To further explore these findings, we conducted a qRT-PCR experiment to assess the expression of critical genes associated with Ca2+ homeostasis, specifically IP3R2, RyR1, RyR2, and NCX1 (Figure 4C). After 48 h of AngII treatment, a noticeable decrease in NCX1 expression and concomitant increase in RyR1 mRNA levels were observed. These changes indicated disturbances in Ca2+ homeostasis resulting from altered expression of these channels. Remarkably, MBT treatment mitigated the increase in RyR1 expression (Figure 4C), suggesting a potential role in restoring Ca2+ homeostasis.
Furthermore, considering the observed improvements in ATP and ROS levels in hypertrophic myocardium following MBT treatment (Figures 2G, H), we examined the mRNA expression levels of mitochondrial proteins associated with membrane permeability and chloride channels, including Tom20 and VDAC1 (Chacinska et al., 2009; Camara et al., 2017). However, the expression of these mitochondrial-related genes remained unchanged upon stimulation with AngII or administration of MBT treatment (Figure 4D). Subsequently, we explored the mRNA expression of genes related to mitochondrial fusion (Mfn1/2 and Opa1) and mitochondrial fragmentation (Fis1 and Mtfp1) (Donnarumma et al., 2022; Wu et al., 2023) (Figure 4E). Notably, Opa1, a mitochondrial fusion protein, exhibited a significant reduction in response to AngII treatment, indicative of mitochondrial fragmentation. In contrast, MBT treatment effectively attenuated this decrease in Opa1 expression induced by AngII. On the other hand, the mRNA expression levels of Mfn1/2, Fis1, and Mtfp1 did not change with AngII stimulation or MBT treatment. These results collectively suggest that MBT administration may play a role in ameliorating Ca2+ signaling abnormalities and mitochondrial fragmentation induced by AngII.
Combination effects of MBT and losartan on AngII-induced cardiomyocyte hypertrophy and death in cultured NRVMs.
Based on the results of AT1Rs expression in NRVMs, we explored the possibility that AT1R-mediated AngII affects cardiomyocyte hypertrophy. To examine the additional effect of MBT on AngII-induced cardiac hypertrophy, we used the AT1R inhibitor losartan.
AngII-induced cardiomyocyte hypertrophy was suppressed by losartan, with an IC50 of 80.0 nM and Hill slope of 0.6 (Figure 5A). Notably, the concentration-dependent inhibition curve of losartan in the presence of 500 μg/mL MBT showed a substantial effect at losartan concentrations equal to or greater than 1 μM (Figure 5B). Moreover, losartan effectively counteracted the decrease in cell viability, and the increase in cytotoxicity, ROS production, and the increase in [Ca2+]i induced by AngII (Figures 5C–F). Intriguingly, when comparing the combination treatment of losartan and MBT with the individual therapies, no significant difference were observed in their inhibitory effects on these AngII-induced responses (Figures 5C–F).
[image: Figure 5]FIGURE 5 | Effect of losartan and MBT on NRVMs. (A,B) Evaluation of NRVM CSA based on rhodamine-conjugated phalloidin staining in response to 100 nM AngII-induced hypertrophy. (A) Dose-dependent inhibition curve of losartan (Losa) (n = 101–111). (B) Dose-dependent inhibition curve of losartan co-treated with AngII and 500 μg/mL MBT (n = 104–115). Each group consists of more than 100 cells. (C–F) Evaluation of the effects of control, vehicle (Veh), 500 μg/mL MBT, 1 μM Losa, or co-treatment of 1 μM losartan and 500 μg/mL MBT on 100 nM AngII-induced cardiomyocyte hypertrophy, including cell viability (n = 5) (C), cytotoxicity (n = 5) (D), ROS production (H2DCFDA intensity) (n = 4–5) (E), and intracellular Ca2+ concentration (Fluo-4 intensity) (n = 5) (F). (G) Quantitative real-time PCR analysis of ATRs (n = 3). Each column represents mean ± SEM. *, p < 0.05; **, p < 0.01 indicate significant differences compared to control cells. #, p < 0.05; ##, p < 0.01 indicate significant differences compared to AngII + vehicle (Veh) treated cells. N.S. indicates no significant difference.
Additionally, we investigated the mRNA levels of ATRs. Our findings indicate that both losartan and MBT treatments, whether administered individually or in combination, increased AT1AR expression (Figure 5G). These results suggest that similar to losartan, MBT may function by blocking AT1AR, leading to its upregulation. Subsequently, we explored the impact of losartan and MBT, either alone or in combination, on mitochondrial morphology and function during AngII-induced cardiomyocyte hypertrophy. We assessed mitochondrial damage by evaluating DRP1 accumulation, function, and morphology. Interestingly, no significant differences were observed in the reduction of DRP1 aggregation upon AngII stimulation when comparing the losartan or MBT monotherapy group to the combination treatment group (Figures 6A, B).
[image: Figure 6]FIGURE 6 | Effect of losartan and MBT co-administration on mitochondrial morphology and dysfunction in AngII-induced myocardial hypertrophy. Evaluation of mitochondrial changes induced by 100 nM AngII, control, vehicle (Veh), 500 μg/mL MBT, 1 μM losartan (Losa), or co-treatment of 1 μM losartan and 500 μg/mL MBT (Losa + MBT). (A) Immunofluorescence image showing DRP1 in green and mitochondria in red. Scale bar = 20 μm. (B) Ratio of DRP1-bound mitochondria/total mitochondria (n = 5). (C) Quantification of mitochondrial membrane potential using MitoTracker Red CMXRos intensity (n = 8–9). (D–H) Distribution of mitochondrial length measured from images in A (n = 5). (I) Bar graph representing the average mitochondrial length obtained by Gaussian fitting from individual panels (D–H) (n = 5). (J) Quantitative real-time PCR analysis of DRP1 (n = 3). (K) Representative images of Western blot analysis showing DRP1 and β-actin expression. (L) Densitometric quantification of DRP1/β-actin immunoreactive bands (n = 3–4). Each column represents the mean ± SEM. *, p < 0.05 and **, p < 0.01, indicating a significant difference compared to control cells. #, p < 0.05 and ##, p < 0.01 denote a significant difference compared to AngII + vehicle (Veh) treated cells. N.S. indicates no significant difference.
Additionally, we measured a decrease in the fluorescence intensity of MitoTracker Red CMXRos, and both losartan and MBT monotherapy effectively ameliorated this decrease (Figures 6A, C). However, the combination of losartan and MBT did not provide any additional effect. Furthermore, we observed that AngII-induced mitochondrial fragmentation was ameliorated by losartan or MBT alone, but co-administration of losartan and MBT exerted no further effects (Figures 6A, D–H). Notably, there was no change in DRP1 expression among the different treatment groups (Figures 6J–L).
Effect of MBT on isoproterenol-induced cardiac hypertrophy and dysfunctions in mice
To assess the protective effect of MBT against ISO-induced cardiac hypertrophy and dysfunction model, we conducted echocardiography in mice (Figure 7A). MBT was administered at a concentration of 500 mg/kg based on previous in vivo studies (Wang et al., 1998) and our NRVM findings in this study.
[image: Figure 7]FIGURE 7 | Effect of MBT on ISO-induced cardiac hypertrophy and dysfunctions in vivo. (A) Representative M-mode echocardiograms of mice with or without ISO and/or MBT treatments. Scale bar = 200 ms. (B) Changes in percentage of left ventricular (LV) fractional shortening (FS%) (n = 5–6). (C) Changes in percentage of LV ejection fraction (EF%) (n = 5–6). (D) Changes of left ventricular LV end-diastolic diameter (LVEDD) (n = 5–6). (E) Changes of LV end-systolic diameter (LVESD) (n = 5–6). (F) Changes in Heart rate (HR) (n = 5–6). (G) ISO-induced cardiac hypertrophy as indicated by the heart weight/body weight (HW/BW) ratio (n = 5–6). (H) Profiles of heart tissues in mice treated with or without ISO and/or MBT (HE staining and Masson staining) (n = 5–6). Scale bar = 500 µm (whole heart) and 100 µm (High magnification), respectively. Each column represents the mean ± SEM. *, p < 0.05 and **, p < 0.01, indicating a significant difference compared to control mice. #, p < 0.05 and ##, p < 0.01 denote a significant difference compared to ISO + vehicle (Veh) treated mice.
ISO treatment (30 mg/kg body weight, once a day, i.p.) significantly reduced LV FS% and EF% while concurrently increasing LVESD and HW/BW compared to control mice (Figures 7B–E, G). These findings were consistent with previous reports (Park et al., 2018; Cheng et al., 2020). Notably, the administration of MBT (500 mg/kg body weight, p.o.) ameliorated ISO-induced cardiac hypertrophy and cardiac dysfunction (Figures 7B–E, G). HR measurements were performed to ensure that anesthesia depth did not interfere with the results. No significant changes were observed in any of the experimental groups (Figure 7F). Histological examination of heart tissue from the model group revealed prominent tissue fibrosis and collagen deposition. At the same time, MBT administration prevented the occurrence of these injuries (Figure 7H). In conclusion, our results suggest that MBT effectively improves ISO-induced cardiac hypertrophy and cardiac dysfunction in in vivo model mice.
DISCUSSION
The effects of Japanese Kampo medicines on the heart, particularly cardiac mitochondrial function and Ca2+ signaling, remain poorly understood despite their widespread use for various diseases. In this study, we conducted a screening analysis and demonstrated, for the first time, that MBT directly acts on cardiomyocytes to prevent AngII-induced hypertrophy and cell death. Furthermore, we found that MBT protects against AngII-induced disruption of intracellular Ca2+ homeostasis and mitochondrial dysfunction. In addition, MBT improves ISO-induced cardiac hypertrophy and cardiac dysfunction in vivo. Although the exact mechanism of action is not fully elucidated, our findings suggest that these effects may be mediated, at least in part, by angiotensin type I receptor (AT1R) blocking.
Previous studies have highlighted the association between cardiomyocyte hypertrophy and impaired mitochondrial metabolism (Rosca et al., 2013). For instance, inhibition of mitochondrial fission has been reported to protect the heart against I/R injury in vivo (Ong et al., 2010). Additionally, treatment of neonatal rat ventricular myocytes (NRVMs) with AngII induces mitochondrial fission and apoptosis, which can be prevented by the knockdown of DRP1 (Qi et al., 2018). Furthermore, mitochondrial fission has been implicated in endothelin-1-induced hypertrophy and cell death, as well as leptin-induced hypertrophy (Jong et al., 2019; Tagashira et al., 2023). These studies collectively emphasize the importance of mitochondrial quality control in cardiomyocyte hypertrophy and death induced by various stimuli.
Mitochondrial fragmentation leads to increased reactive oxygen species (ROS) production, promotes mitophagy, and decreases ATP production (Tagashira et al., 2013; Tagashira et al., 2014; Yang et al., 2021; Quiles and Gustafsson Å, 2022). ATP depletion and elevated ROS production contribute significantly to the pathogenesis of HF (Doenst et al., 2013; Peoples et al., 2019). Consistent with these findings, our study revealed that AngII treatment induced mitochondrial fragmentation, while MBT treatment ameliorated this effect and suppressed the subsequent increase in ROS production and decrease ATP production (Figures 2G, H).
DRP1, an essential protein involved in mitochondrial fragmentation (Smirnova et al., 2001), accumulates in cardiac mitochondria, implying mitochondrial dysfunction (Aung et al., 2021). Mechanisms such as phosphorylation, mediated by norepinephrine-induced intracellular Ca2+ increase and calcineurin activation, have been reported (Pennanen et al., 2014; Aung et al., 2021). Mitochondrial fission 1 protein (Fis1) is another molecule that cooperates with DRP1 to contribute to mitochondrial fragmentation (Zerihun et al., 2023). Meanwhile, mitochondrial fission process protein 1 (Mtfp1) is a key player in mitochondrial fragmentation in cardiac muscle and play an essential role in maintaining heart structure and function (Tondera et al., 2005; Aung et al., 2017). In our study, we observed accumulation of DRP1 in mitochondria of AngII-treated NRVMs, which was ameliorated by MBT treatment, although the expression levels of DRP1, Fis1, and Mtfp1 were not affected (Figures 3H–J, 4E).
Interestingly, Opa1 mRNA exhibited a significant reduction in response to AngII, while MBT treatment attenuated this decrease in Opa1 mRNA expression (Figure 4E). A previous study using H9c2 cells reported a similar reduction in Opa1 mRNA with AngII treatment, while DRP1 and Fis1 mRNA levels remained unchanged (Gul et al., 2023), which aligns with the findings of our study. These results suggest that the regulation of Opa1 expression may also play a partial role in the cardioprotective mechanism of MBT. Additionally, MBT inhibited the AngII-induced increase in [Ca2+]i (Figure 2I), which might contribute to the inhibition of DRP1 accumulation by MBT.
Interestingly, MBT treatment alone resulted in nearly complete improvement in mitochondrial length distribution, suggesting its superiority in terms of mitochondrial quality control (Figures 3C, F, G). This indicates that the effects of MBT may extend beyond AT1R blocking. Furthermore, while MBT partially suppressed mitochondrial quality control and myocardial hypertrophy, it suppressed AngII-induced intracellular Ca2+ overload (Figures 2I, 5F). This improvement in Ca2+ homeostasis may be related to the regulation of RyR1 expression (Figure 4C). These results indicate that MBT may act on Ca2+-independent mitochondrial quality control mechanisms crucial for HF development. Detailed investigations are required to determine the precise mechanism by which MBT prevents AngII-induced mitochondrial dysfunction.
Among the six commonly used Japanese Kampo medicines that indicated cardiac effects in human and rodents investigated in this study, MBT was the only one that demonstrated inhibition of cardiac hypertrophy induced by AngII (Figure 2). Unexpectedly, neither inhibitory nor exacerbating effects on AngII-induced cardiomyocyte hypertrophy were detected with treatment of Sho-seiryu-to (TJ-19), Boi-ogi-to (TJ-20), Mao-to (TJ-27), and Yokukan-san (TJ-54), suggesting that the effect of treatment on humans and rodents is not a direct effect on cardiomyocytes or they lack anti-hypertrophic effects. On the other hand, mashinin-gan (TJ-126) had no adverse effects on NRVMs, consistent with previous report (Imamura et al., 2022), indicating that its safe use in patients with cardiac amyloidosis. MBT exhibited significant suppressive effects against AngII-induced hypertrophy, consistent with previous clinical research (Miho et al., 2019). Furthermore, we demonstrated that MBT mitigates cardiac dysfunction and cardiac hypertrophy accompanied by fibrosis in ISO-induced cardiac hypertrophy model mice (Figure 7). This finding aligns with a previous report, which indicated that MBT had a survival benefit in HF model mice (Wang et al., 1998).
Comprising four herbal medicines, MBT has traditionally been employed to alleviate dyspnea, wheezing, and cardiac edema accompanying HF. Although rare, hypersensitivity and gastrointestinal diseases have been reported as side effects. Overall, MBT is considered a safe therapeutic drug. In Japan, it has been utilized for the treatment of HF, and several case reports have highlighted its efficacy (Ezaki et al., 2019; Miho et al., 2019). For example, combination therapy with MBT and standard medical treatment was found to be effective in inoperable patients with severe aortic regurgitation (Miho et al., 2019). Furthermore, a randomized controlled trial demonstrated that MBT significantly improved HF symptoms in hospitalized patients with acute decompensated HF compared to standard care (Ezaki et al., 2019). Despite its clinical use, the direct effect of MBT on cardiomyocytes and its cardioprotective mechanism has yet to be fully elucidated. This study demonstrated that MBT protects against AngII-induced disruption of intracellular Ca2+ homeostasis and mitochondrial dysfunction (Figures 2, 3).
Losartan, a selective AT1R antagonist without affinity for AT2R (Schorb et al., 1993), has shown similar effects to angiotensin-converting enzyme inhibitors in animal experiments (Milavetz et al., 1996). Furthermore, losartan has been reported to have beneficial effects on cardiomyocyte contractility, Ca2+ regulation, post-infarction remodeling, and gene expression in rat models of chronic HF (Loennechen et al., 2002). Hence, the inhibition of AT1R is valuable for HF treatment.
In our study, we delved into the competitive inhibition of AT1R by investigating the combined effects of losartan and MBT in effectively treating cardiomyocyte hypertrophy and cell death. Specifically, we performed a detailed examination of the inhibitory effects of losartan in response to AngII stimulation in NRVM and investigated the potential synergy between losartan and MBT. Remarkably, the concentration-dependent inhibition curve of losartan in the presence of 500 μg/mL MBT showed substantial effects at losartan concentrations of 1 μM and higher (Figure 5B). The inhibition observed with 1 μM losartan in Figure 5B was 71.6%. Based on the data in Figures 2C, 5A, the concentrations of MBT and losartan required for 71.6% inhibition were determined to be 760.3 μg/mL and 409 nM, respectively. As a result, the combination index (CI) calculated for the combination of 1 μM losartan and 500 μg/mL MBT in Figure 5B was 3.1, suggesting the possibility of competitive inhibition between MBT and losartan on AT1AR. Notably, the deviation from the dose dependence of losartan alone observed at the 1 μM concentration in Figure 5B may be due to anomalous mole fraction effects resulting from the simultaneous binding of multiple substances to one binding site. It is worth mentioning that the phenomenon has been observed with the same multiple-occupancy theory in a related study (Lester and Dougherty, 1998).
Furthermore, in experiments aimed at confirming the effects of MBT on AngII stimulation, changes in cell viability, cytotoxicity, ROS production, ATP production, ATRs expression, and changes in mitochondrial function and morphology were thoroughly investigated (Figures 5, 6). The comprehensive findings showing that losartan and MBT exhibit similar behavior support the concept that MBT and losartan may target the same site and raise the possibility that AT1AR is potentially a target of MBT. These findings support the hypothesis that MBT may act on AT1R, although the precise nature of this interaction, whether direct or indirect, remains unclear.
Although it did not reach statistical significance, we observed a trend toward decreased AT1AR expression in response to AngII. This decrease may be due to the increased ATR-mediated signal induced by AngII, leading to the downregulation of AT1AR to attenuate the signal strength. Interestingly, AT1AR expression increased in response to AngII + MBT, AngII + losartan, and AngII + losartan + MBT treatments. This increase in AT1AR expression is thought to be a compensatory mechanism to counteract the attenuation of AT1AR-mediated signals. This observation of such a compensatory mechanism is consistent with the previous finding that losartan can upregulate AT1R in ischemia/reperfusion (I/R) rat hearts (Xu et al., 2002). These results suggest that similar to losartan, MBT may inhibit AT1AR, leading to its upregulation. These findings support the hypothesis that MBT exerts its effects by blocking AT1AR. However, in the case of AT1BR or AT2R expression, it remained consistently low, and the underlying mechanism of this phenomenon remains unknown.
In conclusion, our study demonstrates that MBT acts directly on cardiomyocytes, protecting against AngII-induced cardiomyocyte injury and ISO-induced cardiac dysfunction through the regulation of intracellular Ca2+ signaling and mitochondrial quality control. These effects may be mediated, at least in part, by the blocking of AT1R. The findings from this study support the potential use of MBT as an adjunctive therapy for HF. Further research is needed to fully elucidate the underlying mechanisms and explore the clinical implications of MBT treatment in HF management.
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Impact of platelet-derived mitochondria transfer in the metabolic profiling and progression of metastatic MDA-MB-231 human triple-negative breast cancer cells
Lucas Cereceda1,2†, J. Cesar Cardenas3,4,5,6, Maroun Khoury1,2,7, Eduardo Silva-Pavez8*†‡ and Yessia Hidalgo1,2*‡
1IMPACT, Center of Interventional Medicine for Precision and Advanced Cellular Therapy, Santiago, Chile
2Laboratory of Nano-Regenerative Medicine, Faculty of Medicine, Universidad de los Andes, Santiago, Chile
3Center for Integrative Biology, Faculty of Sciences, Universidad Mayor, Santiago, Chile
4Geroscience Center for Brain Health and Metabolism, Santiago, Chile
5Buck Institute for Research on Aging, Novato, CA, United States
6Department of Chemistry and Biochemistry, University of California, Santa Barbara, Santa Barbara, CA, United States
7Cells for Cells and Consorcio Regenero, Chilean Consortium for Regenerative Medicine, Santiago, Chile
8Facultad de Odontología y Ciencias de la Rehabilitación, Universidad San Sebastián, Bellavista, Santiago, Chile
Edited by:
Milena Rizzo, National Research Council (CNR), Italy
Reviewed by:
Tanmoy Saha, Brigham and Women’s Hospital and Harvard Medical School, United States
Veronica Andrea Burzio, Andres Bello University, Chile
* Correspondence: Eduardo Silva-Pavez, eduardo.silva@uss.cl; Yessia Hidalgo, yhidalgo@uandes.cl
†These authors have contributed equally to this work and share first authorship
‡These authors have contributed equally to this work and share last authorship
Received: 19 October 2023
Accepted: 27 December 2023
Published: 12 January 2024
Citation: Cereceda L, Cardenas JC, Khoury M, Silva-Pavez E and Hidalgo Y (2024) Impact of platelet-derived mitochondria transfer in the metabolic profiling and progression of metastatic MDA-MB-231 human triple-negative breast cancer cells. Front. Cell Dev. Biol. 11:1324158. doi: 10.3389/fcell.2023.1324158

Introduction: An active role of platelets in the progression of triple-negative breast cancer (TNBC) cells has been described. Even the role of platelet-derived extracellular vesicles on the migration of MDA-MB-231 cells has been reported. Interestingly, upon activation, platelets release functional mitochondria into the extracellular environment. However, the impact of these platelet-derived mitochondria on the metabolic properties of MDA-MB-231 cells remains unclear.
Methods: MDA-MB-231 and MDA-MB-231-Rho-0 cells were co-cultured with platelets, which were isolated from donor blood. Mitochondrial transfer was assessed through confocal microscopy and flow cytometry, while metabolic analyses were conducted using a Seahorse XF HS Mini Analyzer. The mito-chondrial DNA (mtDNA) copy number was determined via quantitative PCR (qPCR) following platelet co-culture. Finally, cell proliferation and colony formation assay were performed using crystal violet staining.
Results and Discussion: We have shown that platelet-derived mitochondria are internalized by MDA-MB-231 cells in co-culture with platelets, increasing ATP production, oxygen (O2) consumption rate (OCR), cell proliferation, and metabolic adaptability. Additionally, we observed that MDA-MB-231 cells depleted from mtDNA restore cell proliferation in uridine/pyruvate-free cell culture medium and mitochondrial O2 consumption after co-culture with platelets, indicating a reconstitution of mtDNA facilitated by platelet-derived mitochondria. In conclusion, our study provides new insights into the role of platelet-derived mitochondria in the metabolic adaptability and progression of metastatic MDA-MB-231 TNBC cells.
Keywords: platelets, platelet-derived mitochondria, cancer, mitochondria transfer, metabolic adaptability
INTRODUCTION
Breast cancer is the most prevalent type among women, leading to an estimated 685,000 deaths in 2020. This number is projected to rise to 7 million by 2040 (Vismara et al., 2022b). Among the various subtypes of breast cancer, triple-negative breast cancer (TNBC) is particularly aggressive and is known for its potential to metastasize (Grasset et al., 2022). TNBC is characterized by the absence of estrogen, progesterone, and human epidermal growth factor receptor 2 (HER2) receptors (Garrido-Castro et al., 2019). This lack of receptors contributes to TNBC’s reduced susceptibility to hormonal and anti-HER2 therapies, posing significant treatment challenges (Garrido-Castro et al., 2019).
Platelets, which are small (2–4 µm) anucleate cellular fragments released by megakaryocytes present in bone marrow, play a significant role in the progression and aggressiveness of cancer (Vismara et al., 2021; Yu et al., 2021; Chen et al., 2023). When activated, they release platelet-derived extracellular vesicles (PEVs), which participate in both physiological and pathological contexts, including cancer (Dovizio et al., 2020; Żmigrodzka et al., 2020). Indeed, PEVs are essential to the complex interactions between platelets and cancer cells, especially breast cancer cells (Vismara et al., 2021). These cancer cells can stimulate platelet activation, subsequently triggering the release of PEVs into the extracellular environment (Gomes et al., 2017; Zarà et al., 2018).
Interestingly, platelets serve as the major reservoir for mitochondria within the circulatory system. Upon activation, platelets release respiratory-competent mitochondria enclosed within vesicles and as free organelles (Boudreau et al., 2014). These organelles, which are essential for ATP production through aerobic respiration and the regulation of cellular metabolism, also play a role in metastasis (Scheid et al., 2021). Despite their significance, the implications of mitochondrial release from activated platelets into TNBC cells, specifically MDA-MB-231 cells, remain unclear.
In this study, we discovered that platelet-derived mitochondria can be internalized by MDA-MB-231 cells in co-culture, increasing ATP production, oxygen (O2) consumption rate (OCR), cell proliferation, and metabolic adaptability. Interestingly, we observed that MDA-MB-231 cells depleted of mitochondrial DNA (mtDNA) can restore cell proliferation in uridine/pyruvate-free cell culture medium and regain mitochondrial O2 consumption after co-culturing with platelets. This suggests that platelet-derived mitochondria facilitate the replenishment of mtDNA. This discovery provides new insights into the impact of mitochondria derived by platelets on the metabolic adaptability and progression of MDA-MB-231 human metastatic TNBC cells.
MATERIALS AND METHODS
Cell culture
MDA-MB-231 cells were cultured using DMEM-HG (Sartorius, Cat. #01-055-1A) supplemented with Penicillin/Streptomycin (P/S) (Corning, Cat. #30-002-CI) 1X, 4 mM glutamine (Corning, Cat. #25-005-CI) and 10% fetal bovine serum (FBS) (Gibco™, Cat. #10437-028). MDA-MB-231-Rho-0 (Rho-0) cells were generated as previously described (Rabas et al., 2021) and maintained in DMEM-HG supplemented with 50 μg/mL uridine (Sigma Aldrich, Cat. #U3003), 1 mM pyruvate (Sartorius, Cat. #03-042-1B), P/S-1X, 4 mM glutamine, and 10% FBS. Breast cancer cells were cultured at 37°C with 5% CO2 in a humidified incubator.
Co-culture of platelets with MDA-MB-231 cells
For co-culture experiments, MDA-MB-231 and Rho-0 were seeded in cell culture medium with 10% FBS at approximately 8 × 103 cells/cm2 the day before platelets were added. The next day, platelets were added at a final concentration of 1.5 × 105 platelets/µL. In the case of MDA-MB-231, the culture medium was replaced by fresh culture medium without FBS before adding platelets. In the case of Rho-0 cells, the cell culture medium was replaced with the same fresh culture medium before the addition of platelets. Control MDA-MB-231 cells were cultured with the same buffer that contained platelets. MDA-MB-231 cells and platelets were incubated for 24 h. After co-culture, MDA-MB-231 cells were washed twice with PBS-1X to remove platelets. Washed MDA-MB-231 cells were split using TrypLE™ Express (Gibco™) and manually counted with trypan blue. MDA-MB-231 cells were resuspended in cell culture medium with 10% FBS in all the cases and used for subsequent experiments.
Platelet isolation
Blood was recollected from the cubital vein of healthy donors using a 21-gauge needle (BD Vacutainer®, Cat. #367287) and blood recollection tubes with acid-citrate-dextrose solution A (ACD-A) as anticoagulant (BD Vacutainer®, Cat. #364606). The tourniquet was applied only to detect the vein and recollect the first 2.5 mL of blood, which were discarded. Blood was centrifuged at 150 g for 20 min to obtain platelet-rich plasma (PRP). PRP was gently taken to a new tube and was added 1 µM prostaglandin E1 (PGE1) (Focus Biomolecules, Cat. #10-4455). PRP was centrifuged at 150 g for 10 min to remove red blood cells and leukocytes. The supernatant was transferred to a new tube. Platelets were pelleted by centrifugation at 1,500 g for 15 min. All centrifugation steps were done at room temperature (RT) without acceleration and break in a swinging-bucket centrifuge. Platelet pellet was washed twice with platelet wash buffer (PWB) (10 mM sodium citrate, 150 mM NaCl, 1 mM EDTA, 1% (w/v) glucose, pH 7.4) and gently resuspended in tyrode’s buffer (TB) (134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM Na2HPO4, 1 mM MgCl2, 10 mM HEPES, 5 mM glucose, pH 7.4) without calcium. Platelets were left at 37°C and counted by flow cytometry using CountBright™ Plus Absolute Counting Beads (Cat. #C36995). Before adding platelets to MDA-MB-231 cells, platelet-poor plasma (PPP) was added to platelet preparation to achieve a final concentration of at least 0.05%–0.1% (v/v) in the well.
Platelet activation
Platelets post isolation or after co-culture were fixed with PFA 2% for 15 min at RT. Fixed platelets were resuspended in PBS-1X plus 2% FBS and stained for 15 min at 4°C with CD42a-FITC (BD Pharmigen™, Cat. #558818) (1:200) and CD62p-APC (BD Pharmigen™, Cat. #550888) (1:200). Platelets were washed with PBS-1X plus 2% FBS and acquired using a BD FACSCanto™ II flow cytometer.
Mitochondrial transfer assessment
Mitochondrial transfer was assessed by flow cytometry and confocal microscopy. For flow cytometry assessment, MDA-MB-231 cells were previously stained with 5 µM CellTrace™ Violet (CTV) (Cat. #C34557) according to the manufacturer’s instructions. For confocal microscopy assessment, MDA-MB-231 cells were previously stained with 150 nM MitoTracker™ Deep Red (MTDR) (Cat. #M22426) for 25 min at 37°C, washed and seeded over coverslips. In both cases, platelets, at a concentration of 5 × 108 platelets/mL, were stained with 100 nM MitoTracker™ Green (MTG) (Cat. #M7514) for 25 min at 37°C, washed with TB plus 1% BSA and 0.5 µM PGE1 and added to MDA-MB-231 cells. The co-culture system was done as described previously. After 24 h incubation, cells were analyzed using a BD FACSCanto™ II flow cytometer or a Leica SP8 AT CIAN (Leica Microsystems) confocal microscopy. MTG does not depend on the mitochondrial membrane potential (ΔΨm), unlike MTDR which does rely on this potential (Agnello et al., 2008; Cottet-Rousselle et al., 2011; Xiao et al., 2016).
Seahorse XF HS mini analyzer
Multiparameter metabolic analysis of MDA-MB-231 cells was performed in an extracellular flux analyzer (Agilent, United States of America). MDA-MB-231 cells were seeded on XF HS Mini 8-well plates and kept overnight at 37°C in 5% CO2 with DMEM-HG. After 48 h, the cell culture medium was replaced with Agilent Seahorse XF DMEM medium pH 7.4 (with 5 mM HEPES) with 10 mM glucose 1 h before the assay. Mitochondrial function (Mito stress test) was evaluated using 2 µM oligomycin (Oligo), 200 nM FCCP, 1 µM rotenone (Rot), and 1 µM antimycin-A (AA).
ATP levels analysis
ATP analysis was done using the kit CellTiter Glo® Luminescent Cell Viability (Promega, Cat. #G7571). After platelet co-culture, 1 × 104 MDA-MB-231 cells or 5 × 103 sorted MDA-MB-231 cells were added to a 96-well white microplate. Cells were allowed to rest at RT for 30 min. Then, 100 µL of the kit reagent was added, and the plate was incubated for 2 min at 140rpm in an orbital shaker. ATP analysis was done by measuring luminescence in a Biotek® FLx800 luminometer. In the case of platelet-rescued Rho-1, Rho-2, and Rho-3 cells, 5 × 103 cells were seeded in 96 well-white microplates and incubated for 48 h. In parallel, a mirror plate was seeded for protein quantification and normalization. After 48 h, the culture medium was removed, and new medium with 5 µM Oligo (Tocris, Cat. #4110) was added. Cells were incubated for 20 h. After incubation, ATP analysis was conducted as described previously. For protein quantification and normalization, cells were lysed with RIPA-1X (ThermoFisher™, Cat. #899000) with protease inhibitor (Sigma Aldrich, Cat. #5056489001), and protein quantification was done using the Pierce™ BCA Protein Assay kit (ThermoFisher™, Cat. #23225). Data was expressed as ATP luminescence normalized by the number of cells or µg of the total protein.
Mitochondrial DNA (mtDNA) copy number
The total DNA of MDA-MB-231 cells was manually isolated according to (Laird et al., 1991) with some modifications. Briefly, cells were lysed with lysis buffer (100 mM TRIS-HCl pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 50 μg/mL proteinase K) at 37°C for several hours. Next, one volume of isopropanol was added to the lysate, and the sample was centrifuged at 16000 g for 20 min at 4°C. The supernatant was discarded, and DNA was resuspended in TE buffer (10 mM TRIS-HCl, 0.1 mM EDTA, pH 8). Relative mitochondrial DNA (mtDNA) levels were determined using quantitative PCR (qPCR) by simultaneous amplification of mtDNA and nuclear DNA (ncDNA). The forward and reverse primers for mtDNA, complementary to mitochondrial encoded NADH dehydrogenase 1 (MT-ND1), were 5′-CAT​GGC​CAA​CCT​CCT​ACT​CCT​C-3′ and 5′-TGG​GGC​CTT​TGC​GTA​GTT​GT-3´. The forward and reverse primers for ncDNA, complementary to ribosomal protein lateral stalk subunit P0 (RPLP0), were 5′-CAA​CGG​GTA​CAA​ACG​AGT​CCT​G-3′ and 5′-AAG​CAG​TAA​GGT​AGA​AGG​CCA​CA-3´. The specificity of primers was confirmed by in silico analysis using the UCSC genome browser. Each PCR reaction was run in duplicate and contained 6.25 µL 2X Brilliant SYBR® Green qPCR Master Mix (Cat. #600828–51), 0.19 µL Reference Dye ROX (Cat. #600530–53), 0.375 µL primer forward (final concentration 300 nM), 0.375 µL primer reverse (final concentration 300 nM) and variable volume of UltraPure™ Distilled H2O (Invitrogen™, Cat. #10977–015) and DNA. The combined volume of H2O and DNA was 5.3 µL, and 10 ng of DNA was used. PCR was done in a Stratagene Mx3000P (Agilent) by using the following protocol: 95°C (10:00 min) + [95°C (0:30 s) + 61°C (0:30 s)] × 40 cycles +95°C (01:00 min). Results were calculated using the 2*2ˆ∆Ct method (Rooney et al., 2015). Products of qPCR were loaded into a 2% agarose gel, and electrophoresis was performed. Gel was visualized using UV light to confirm the expected amplicon.
Colony formation assay
A colony formation assay was performed on sorted MDA-MB-231 and Rho-0 cells after platelet co-culture. Sorted MDA-MB-231, 1 × 103 cells were seeded in a 6-well plate with glucose-free DMEM-1X (Sigma-Aldrich®, Cat. #D5030) supplemented with 10 mM galactose, 4 mM glutamine, and 10% FBS, and grew for 12–13 days. Colonies were visualized by staining with 0.5% crystal violet for 45 min. In the case of Rho-0 cells, 5 × 103 cells after platelet co-culture were seeded in a 6-well plate with medium supplemented with uridine and pyruvate. Cancer cells were maintained for 48 h in cell culture medium with uridine and pyruvate. Then, cell culture medium was replaced with uridine/pyruvate-free DMEM-HG. Cells were cultured for 20 days without uridine/pyruvate, and colony isolation was performed. Colonies were visualized by staining with 0.5% crystal violet for 45 min. Isolated Rho-0 colonies were recovered by platelet co-culture and maintained in uridine/pyruvate-free DMEM-HG.
Proteomic analysis
Protein data sets related to PEVs-THR, PEVs-BCC, and EVs-MDA were generated by (Vismara et al., 2022a). Mitochondrial proteins in each sample were obtained by comparing every sample with the mitochondrial proteins in the Human MitoCarta 3.0 (Rath et al., 2021). Each sample’s list of identified mitochondrial proteins was compared with the others to identify common and unique ones. Afterward, GO-annotation analysis was performed using STRING V11.5 (Szklarczyk et al., 2019) gene ontology tools. Biological processes with strength >1 and false discovery rate (FDR) < 0.5 were selected.
Mitochondrial membrane potential (ΔΨm)
The co-culture system was done as described previously, and MDA-MB-231 cells were stained with CTV. Mitochondrial membrane potential was analyzed in MDA-MB-231 cells after platelet co-culture using tetramethyl rhodamine, ethyl ester, and perchlorate (TMRE) (Invitrogen™, Cat. #T669), a dye that is dependent on mitochondrial membrane potential. MDA-MB-231 cells were washed with PBS-1X plus 2% FBS, resuspended in PBS-1X plus 2% FBS, and stained with Ghost Dye™ Violet 510 (Tonbo™, Cat. #13-0870-T100) (1:1,000) for 20 min at 4°C. After that, cells were washed with PBS-1X plus 2% FBS, resuspended in PBS-1X, and stained with 100 nM TMRE for 30 min at 37°C. MDA-MB-231 cells were washed with PBS-1X plus 2% FBS and analyzed using a BD FACSCanto™ II flow cytometer.
Cell proliferation assay
After co-culture, 2.5 × 103 MDA-MB-231 cells in DMEM-HG with 10% FBS were seeded in duplicate in a 96-well flat bottom microplate. At 24, 48, and 72 h, cell proliferation was assessed by 0.5% crystal violet staining for 45 min. Crystal violet was washed, and the plates were allowed to dry out. Next, 200 µL methanol was added to the plate, and absorbance was recorded at 570 nm using an Infinite® 200 NanoQuant plate reader (Tecan™).
Cell sorting
As described previously, platelets were stained with MTG and co-cultured with MDA-MB-231 cells. After co-culture, MDA-MB-231 cells that acquired platelet-derived mitochondria were identified as MTG-positive cells. The MTG-positive cells were separated based on MTG fluorescence intensity using a BD FACSAria™ Fusion Cell Sorter. Two subpopulations were recovered: those with high MTG intensity, named MITO-High, and those with low MTG intensity, named MITO-Low. As a control, MDA-MB-231 cells cultured without platelets were subject to the same cell sorting process.
Data analysis
Flow cytometry data was acquired using the FACS Diva program and analyzed using the FlowJo V10 software. The strategies used to analyze the flow cytometry data associated with each experiment are presented in Supplementary Figure S1. Confocal microscopy images were acquired and analyzed using LAS X software. The area fraction of colonies was measured using ImageJ software. Statistical analysis was performed using GraphPad Prisma 8 version 8.0.2 (GraphPad Software, San Diego, CA, United States of America). For statistical analysis, the t-student statistical test was performed. Results are presented as mean ± SEM. Significance level of statistical tests: *p < 0.05; **p < 0.01; ***p < 0.001 and ns: not significant.
RESULTS
Mitochondrial transfer from platelets to MDA-MB-231 breast cancer cells
The platelet activation by MDA-MB-231 cells has been previously described (Vismara et al., 2022a). Interestingly, the activation of platelets by MDA-MB-231 cells leads to the release of platelet-derived vesicles into the extracellular environment (Zarà et al., 2017). These platelet-derived microparticles play a fundamental role in the complex interaction between the hemostatic system and cancer progression (Vismara et al., 2021). We consistently observed a significant increase in the platelet activation marker (CD62p) on the plasma membrane of platelets, using cytometry flow upon co-culturing with MDA-MB-231 cells compared to the post-isolation platelets (Figures 1A, B).
[image: Figure 1]FIGURE 1 | MDA-MB-231 cells acquire platelet-derived mitochondria. (A) Flow cytometry histograms of CD62p expression in platelets after isolation or after 24 h co-culture with MDA-MB-231 cells. (B) Frequency of platelet activation after isolation or after 24 h co-culture with MDA-MB-231 cells. (C) Venn diagram of mitochondrial proteins from three samples: PEVs-THR, PEVs-BCC, and EVs-MDA-MB-231. (D) Amount of total and unique mitochondrial proteins for PEVs-THR and PEVs-BCC. Common mitochondrial proteins between PEVs-BCC and EVs-MDA-MB-231 were discarded to avoid possible contamination with proteins from EVs released by MDA-MB-231 cells. (E) Flow cytometry histograms of MitoTracker™ Green (MTG) signal on MDA-MB-231 cells after 24 h co-culture. MDA-MB-231 cells were cultured with buffer or platelets previously stained with MTG. (F) MTG MFI on MDA-MB-231 cells cultured with buffer or MTG platelets. (G) Flow cytometry histograms of FSC-H for MDA-MB-231 cells cultured with buffer or platelets for 24 h. (H) FSC-H MFI for MDA-MB-231 cells cultured with buffer or platelets for 24 h. (I) Flow cytometry histograms of SSC-H for MDA-MB-231 cells cultured with buffer or platelets for 24 h. (J) SSC-H MFI for MDA-MB-231 cells cultured with buffer or platelets 24 h. (K) Confocal microscopy images of platelet-derived mitochondria internalization by MDA-MB-231 cells. These cells were previously stained with MitoTracker™ Deep Red (MTDR) and co-cultured with MTG platelets for 24 h. Scale bar = 10 µm. A t-student statistical test was performed. *p < 0.05; **p < 0.01; ****p < 0.0001; ns = not significant.
In addition, retrospective analysis of previously published data (Vismara et al., 2022a), as verified through liquid chromatography-tandem mass spectrometry, identified that the protein constituents of two subpopulations of platelet-derived extracellular vesicles (PEVs) in response to thrombin exposure (PEVs-THR) and during co-culture with MDA-MB-231 cells (PEVs-BCC) were associated with mitochondrial function (Vismara et al., 2022a) (Figures 1C, D). Interestingly, PEVs-BCC exhibited a higher total amount of mitochondrial proteins than PEVs-THR and an increased amount of unique mitochondrial proteins exclusively associated with this condition (Figures 1C, D). These results suggest that platelets likely release mitochondria when activated by MDA-MB-231 cells.
To verify that MDA-MB-231 cells can acquire platelet-derived mitochondria, we stained mitochondria platelets with MitoTracker™ Green (MTG) dye, and then these platelets were co-cultured with MDA-MB-231 cells. Notably, the platelet-derived mitochondria internalization in MDA-MB-231 cells was confirmed using flow cytometry (Figures 1E, F). Additionally, we managed to rule out leakage of MTG from platelets to MDA-MB-231 cells (Supplementary Figure S2). These findings are consistent with previous studies associating platelet activation and release of platelet-derived mitochondria (Boudreau et al., 2014). To confirm that stained platelets did not adhere to the cell surface of MDA-MB-231 cells, which could increase their size, we analyzed the size of MDA-MB-231 cells after co-culture with platelets. As shown in (Figures 1G, H), there was no relative change in the size of MDA-MB-231 cells. Nonetheless, it is essential to note that the internal complexity within the MDA-MB-231 cells was considerably increased upon co-culture with platelets (Figures 1I, J). This observation suggests the possible internalization of platelet-derived vesicles and platelet-derived mitochondria within MDA-MB-231 cells (Zoellner et al., 2019).
Furthermore, we employed confocal microscopy to assess the internalization of platelet-derived mitochondria by MDA-MB-231 cells (Figure 1K). We used MTG dye to stain the mitochondria of platelets and MitoTracker™ Deep Red (MTDR) to stain the mitochondria of MDA-MB-231 cells, followed by co-culture. Surprisingly, we observed co-localization of platelet-derived mitochondria (green) with mitochondria of MDA-MB-231 cells (red) (Figure 1K). In summary, these findings evidence the transfer of mitochondria in vitro from activated platelets to metastatic MDA-MB-231 cells.
Effect of platelet-derived mitochondria on the mitochondrial function in MDA-MB-231 cells
To understand the metabolic impact of the internalization of platelet-derived mitochondria by MDA-MB-231 cells, we examined the 68 mitochondrial proteins previously identified in the PEVs-BCC condition using gene ontology (GO)-annotation analysis (Figure 2A). Our results indicated that the most significantly enriched processes are inherently associated with mitochondria-associated respiration and energy metabolism (Figure 2A). Next, we evaluated ATP levels in MDA-MB-231 cells after co-culture with platelets. As shown in (Figure 2B), a significant increase in ATP levels was observed in MDA-MB-231 cells after co-culture with platelets. These findings suggest increased energy production within MDA-MB-231 cells after co-culture with platelets. To further investigate the functional impact of mitochondrial transfer, we used a Seahorse XF HS Mini Analyzer to assess mitochondrial bioenergetics of MDA-MB-231 cells during co-culture with platelets. As shown in (Figures 2C–E), there is a significant increase in basal OCR and ATP-linked OCR, indicating a functional effect of the transfer of mitochondria from activated platelets to MDA-MB-231 cells. Next, we evaluated mitochondrial membrane potential (ΔΨm) in MDA-MB-231 cells after co-culture with platelets. As shown in (Figures 2F, G), no significant differences were observed between MDA-MB-231 cells cultured in the presence or absence of platelets.
[image: Figure 2]FIGURE 2 | Effect of platelet-derived mitochondria on the bioenergetic properties of MDA-MB-231 cells. (A) Gene ontology results of enriched biological process identified for mitochondrial proteins related to PEVs-BCC. GO-annotation analysis was performed using STRING V11.5 gene ontology tools. Biological processes with strength >1 and false discovery rate (FDR) < 0.05 were selected. (B) Analysis of ATP content of MDA-MB-231 cells cultured with buffer or platelets for 24 h. Results were expressed as relative light units (RLU) normalized by a total number of cells. (C) Seahorse assay results of OCR for MDA-MB-231 cells cultured with buffer or platelets. MDA-MB-231 cells were co-cultured with platelets for 24 h. After that, cells were washed, reseeded, and cultured for 48 h before performing the seahorse assay. Results were normalized to µg of a total protein of each well. (D) Basal OCR of MDA-MB-231 cells cultured with buffer or platelets. (E) ATP-linked OCR of MDA-MB-231 cells cultured with buffer or platelets. (F) Flow cytometry histograms of TMRE signal in MDA-MB-231 cells after 24 h co-culture. MDA-MB-231 cells were cultured with buffer or platelets, and mitochondrial membrane potential (ΔΨm) was analyzed using TMRE dye. (G) TMRE MFI in MDA-MB-231 cells cultured with buffer or platelets. (H) Analysis of ATP content of sorted MDA-MB-231 cells cultured with buffer or platelets for 24 h. MDA-MB-231 cells were cultured with platelets previously stained with MTG. MDA-MB-231 cells positive for MTG signal were separated according to MTG intensity, retrieving two populations. Those with low MTG intensity are named MITO-Low, and those with high MTG intensity are named MITO-High. Results are expressed as RLU normalized by the total number of cells. (I) Analysis of relative mitochondrial DNA (mtDNA) levels of sorted MDA-MB-231 cells. Relative mtDNA levels were determined using quantitative PCR (qPCR) by amplifying mtDNA and nuclear DNA (ncDNA). A t-student statistical test was performed. *p < 0.05; **p < 0.01; ns = not significant.
Additionally, we labeled platelet mitochondria using MTG dye before co-culturing them with MDA-MB-231 cells. Subsequently, we identified MDA-MB-231 cells that internalized platelet-derived mitochondria as MTG-positive cells. These cells were categorized based on MTG fluorescence intensity using cell sorting, resulting in two distinct subpopulations. One subpopulation exhibited high fluorescence intensity of MTG, which we designated MITO-High, while the other subpopulation had low intensity and was designated MITO-Low. In addition, we subjected MDA-MB-231 WT cells cultured without platelets to the same cell sorting procedure for comparison. As shown in (Figure 2H), MITO-High cells had significantly higher ATP content than MITO-Low cells and the MDA-MB-231 cells cultured without platelets. We repeated the abovementioned procedure to confirm whether the increase in ATP production was associated with increased mitochondria within MDA-MB-231 cells. Notably, MITO-High cells possessed more copies of mitochondrial DNA (mtDNA) than MITO-Low and MDA-MB-231 cells cultured without platelets (Figure 2I), suggesting a likely more significant number of mitochondria within MITO-High cells.
Mitochondrial DNA-deficient MDA-MB-231 cells restore impaired mitochondrial function through acquisition of platelet-derived mitochondria
To study the functional significance of mitochondrial transfer from activated platelets to MDA-MB-231 cells, we generated MDA-MB-231 cells depleted of mtDNA (Rho-0), as described in Rabas et al. (2021). Rho-0 relies on uridine and pyruvate for their growth due to the absence of a functional respiratory chain (King and Atrardi, 1989; Kukat et al., 2008). The absence of these two metabolic requirements was a selectable marker for reintroducing exogenous mitochondria into Rho-0 cells by co-culture with platelets. We performed co-culture experiments between Rho-0 cells and platelets. As shown in (Figure 3A), we observed a significant increase in platelet activation when co-cultured with Rho-0 cells compared to the post-isolation platelets.
[image: Figure 3]FIGURE 3 | MDA-MB-231-Rho-0 cells restore impaired mitochondrial function by acquiring platelet-derived mitochondria. (A) Frequency of platelet activation after isolation or after 24 h co-culture with Rho-0 cells. (B) Microscopic (left panel) and macroscopic (right panel) images of colonies formed by platelet-rescued Rho-0 cells in pyruvate/uridine-free cell culture medium. Rho-0 cells were cultured with buffer or platelets for 24 h. After that, cells were washed, reseeded, and cultured for 48 h in medium with pyruvate/uridine. Next, cells were maintained in pyruvate/uridine-free medium to evidence mitochondrial function recovery and colony isolation was performed. Colonies were visualized by 0.5% crystal violet staining. (C) Analysis of relative mtDNA levels of platelet-rescued Rho-0 cells by three different donors (Rho-1, Rho-2, and Rho-3). Relative mtDNA levels were determined using quantitative PCR (qPCR) by simultaneous amplification of mtDNA and ncDNA. (D) Gel agarose electrophoresis for amplified products of mitochondrial encoded NADH dehydrogenase 1 (MT-ND1) gene and ribosomal protein lateral stalk subunit P0 (RPLP0) gene. Products of qPCR were loaded into a 2% agarose gel, and electrophoresis was performed. Gel was visualized using UV light to confirm the expected amplicon for each primer pair. (E) ATP production analysis of platelet-rescued Rho-1, Rho-2, and Rho-3 cells. ATP production was modulated with 5 µM oligomycin (Oligo) for 20 h. Results were expressed as RLU normalized to µg of total protein. (F) Seahorse assay results of OCR for platelet-rescued Rho-3 cells. Results were normalized to µg of the protein of each well. (G) Basal OCR of platelet-rescued Rho-3 cells. (H) ATP production linked to OCR of platelet-rescued Rho-3 cells. (I) Cell viability assay of MDA-MB-231 WT, Rho-0, and platelet-rescued Rho-3. Cells were treated with BAY-876 or BAY 87–2243 for 72 h as control cells were treated with vehicle (DMSO). Cell viability was determined by 0.5% crystal violet stained. Results were normalized to control. A t-student statistical test was performed. *p < 0.05; **p < 0.01; ****p < 0.0001; ns = not significant.
Furthermore, we performed a colony formation assay to confirm whether Rho-0 cells can acquire mitochondria derived from activated platelets. We cultured Rho-0 cells with and without platelets in uridine/pyruvate-free cell culture medium (Figure 3B). Surprisingly, Rho-0 cells cultured with platelets could form colonies in uridine/pyruvate-free cell culture medium. This raised the question of whether these cells successfully repopulated with platelet-derived mitochondria, thus allowing the growth of Rho-0 cells (Figures 3C, D). Indeed, Rho-0 cells cultured with platelets were found to repopulate with platelet-derived mtDNA from the three healthy donors (i.e., platelet-rescued Rho-1, Rho-2, and Rho-3 cells).
To investigate the functional consequences of transferring platelet-derived mitochondria from three donors to Rho-0 cells, specifically on ATP production and OCR. We used oligomycin, a well-known ATP synthase inhibitor, in platelet-rescued Rho-0, Rho-1, Rho-2, and Rho-3 cells. Interestingly, all cell lines showed decreased ATP production after oligomycin (Oligo) treatment, except for Rho-0 cells (Figure 3E). Additionally, we used a Seahorse XF HS Mini Analyzer to assess the mitochondrial bioenergetics of platelet-rescued Rho-3 cells compared to MDA-MB-231 WT and Rho-0 cells. Surprisingly, as shown in (Figures 3F–H), there is a significant increase in basal OCR and ATP-linked OCR, indicating a functional effect of mitochondria transfer from activated platelets in Rho-3 cells compared to Rho-0 cells. Interestingly, in platelet-rescued Rho-3 cells, no differences in basal OCR and ATP-linked OCR were observed with MDA-MB-231 WT cells.
We evaluated the cell viability in MDA-MB-231 WT, Rho-0, and Rho-3 cells following treatment with GLUT-1 inhibitor (BAY-876) and the inhibitor of mitochondrial complex I (BAY 87–2243) (Figure 3I). Notably, using BAY-876 resulted in a significant decrease in the viability of Rho-0 cells, suggesting that these cells rely on glucose metabolism for survival. In contrast, the viability of Rho-0 cells remained stable after treatment with BAY 87–2243, while both MDA-MB-231 WT and platelet-rescued Rho-3 cells showed a marked reduction in cell viability. This decrease in cell viability could be attributed to their oxidative profile, likely resulting from the internalization of platelet-derived mitochondria.
Platelet-derived mitochondria promote proliferation and increase clonogenic potential by augmenting the metabolic adaptability of MDA-MB-231 cells
To study the functional significance of internalization of platelet-derived mitochondria on cell proliferation and metabolic adaptation of MDA-MB-231 cells. First, we examined the proliferation of MDA-MB-231 cells in co-culture with platelets. Cell proliferation was evaluated using crystal violet staining at different times following the co-culture (Figures 4A–C). As shown in (Figure 4C), MDA-MB-231 cells cultured with platelets exhibited a significant increase in cell proliferation at 72 h compared to MDA-MB-231 cells not co-cultured with platelets. In the same way as Figure 2H, we assessed the cell proliferation of the MITO-High and the MITO-Low cell subpopulations and MDA-MB-231 cells cultured without platelets (Figures 4D–F). As shown in (Figures 4E, F), the MITO-High subpopulation significantly increased cell proliferation compared to the MITO-Low cells and MDA-MB-231 cells not co-cultured with platelets.
[image: Figure 4]FIGURE 4 | Platelet-derived mitochondria promote proliferation and increase clonogenic potential by augmenting the metabolic adaptability of MDA-MB-231 cells. Proliferation analysis of MDA-MB-231 cells cultured with buffer or platelets for 24 h. MDA-MB-231 cells were co-cultured with platelets. After that, cells were washed, reseeded, and proliferation was evaluated at 24 (A), 48 (B), and 72 h (C) by 0.5% crystal violet staining. Cell proliferation assay of sorted MDA-MB-231 cells cultured with buffer or platelets for 24 h. MDA-MB-231 cells were cultured with platelets previously stained with MTG. MDA-MB-231 cells positive for MTG signal were separated according to MTG intensity, retrieving two populations. Those with low MTG intensity are named MITO-Low, and those with high MTG intensity are named MITO-High. Sorted cells were seeded, and proliferation was evaluated at 24 (D), 48 (E), and 72 h (F) by 0.5% crystal violet staining. (G) Macroscopic images of colonies formed by sorted MDA-MB-231 cells in a glucose-free culture medium with 10 mM galactose and 4 mM glutamine. Sorted cells were cultured in a glucose-free cell culture medium to evidence metabolic adaptability, and colony visualization was performed by 0.5% crystal violet staining. (H) Quantification of the area covered by colonies formed in a glucose-free culture medium with 10 mM galactose and 4 mM glutamine. Results were expressed as fold change relative to PLT- (without platelets). A t-student statistical test was performed. *p < 0.05; ns = not significant.
In addition, we performed a clonogenic assay using the MITO-High and MITO-Low subpopulations to assess the metabolic adaptability of MDA-MB-231 cells cultured with platelets. For this assay, we used a culture medium without glucose but supplemented with 10 mM galactose and 4 mM glutamine to induce a metabolic shift towards a more oxidative phenotype (Urra et al., 2018). As shown in (Figures 4G, H), we observed that the populations that covered the most area of the plate were MITO-High cells compared to MITO-Low and MDA-MB-231 cultured without platelets. This result confirms an adaptation towards a more oxidative metabolism, possibly due to the more significant number of mitochondria in MITO-high cells. Altogether, our data demonstrate that platelet-derived mitochondria increase cell proliferation and metabolic adaptability of MDA-MB-231 TNBC cells (Figure 5).
[image: Figure 5]FIGURE 5 | Model of mitochondrial transfer from platelets to MDA-MB-231 cells. Activation of platelets by MDA-MB-231 human triple-negative breast cancer (TNBC) cells triggers the release of platelet-derived mitochondria. These cells then internalize these mitochondria, leading to the reconstitution of mitochondrial DNA (mtDNA), increasing ATP production, oxygen (O2) consumption rate (OCR), and cell proliferation. Interestingly, MDA-MB-231 cells with high levels of platelet-derived mitochondria exhibit superior metabolic adaptability. This highlights the significant influence of platelet-derived mitochondria on the progression of MDA-MB-231 TNBC cells (Created with BioRender.com).
CONCLUSION
We have demonstrated that platelet-derived mitochondria can be internalized by MDA-MB-231 cells in co-culture, leading to increased ATP production, oxygen (O2) consumption rate (OCR), cell proliferation, and metabolic adaptability. Interestingly, we observed that MDA-MB-231 cells depleted from mitochondrial DNA (mtDNA) recover cell proliferation in uridine/pyruvate-free cell culture medium and mitochondrial oxygen (O2) consumption after co-culture with platelets, indicating a replenishment of mtDNA facilitated by platelet-derived mitochondria. Altogether, this finding provides new insight into the role of mitochondria derived by platelets in the metabolic adaptability and progression of metastatic MDA-MB-231 human triple-negative breast cancer (TNBC) cells.
DISCUSSION
Interactions between cancer cells and platelets are well-known phenomena. Upon entering the circulatory system, tumor cells activate and aggregate platelets to evade the immune system and shield themselves from the shear forces of blood flow. This process is crucial for the survival of cancer cells in the circulatory system (Bambace and Holmes, 2011). Recently, it has been described that cancer cells enhance their tumor potential by acquiring exogenous mitochondria (Watson et al., 2023). However, the role of mitochondria-derived from platelets in influencing the metabolic and functional properties of MDA-MB-231 triple-negative breast cancer (TNBC) cells remains unclear.
Initially, we verified through flow cytometry that platelets become activated when co-cultured with MDA-MB-231 cells. However, the specific mechanism of platelet activation employed by MDA-MB-231 cells remained unidentified in our study. It is worth noting that a variety of mechanisms, including the use of pro-coagulant proteins, molecules such as ADP, and the release of inflammatory cytokines and microparticles, have been described for the activation of platelets by tumor cells (Razak et al., 2018). Additionally, previous research has shown that breast cancer cells, specifically MDA-MB-231 cells, can induce platelet activation. This process has been linked to the production of thrombin from plasma and is facilitated by the release of ADP from dense granules (Zarà et al., 2018).
Upon confirming platelet activation, our next objective was to determine if MDA-MB-231 cells internalized mitochondria derived from platelets. It has been reported that activated platelets release mitochondria into the extracellular environment (Boudreau et al., 2014). Using flow cytometry, we demonstrated that MDA-MB-231 cells acquire mitochondria from platelets in an in vitro co-culture system. Additionally, confocal microscopy revealed co-localization of platelet-derived mitochondria with endogenous mitochondria in MDA-MB-231 cells. Although we did not establish a connection between platelet-derived mitochondria and the mitochondria of cancer cells, our findings suggest that MDA-MB-231 cells acquire mitochondria from platelets when co-cultured in vitro. These results align with recent findings describing the internalization of platelet-derived mitochondria in osteosarcoma (Zhang et al., 2023) and mesenchymal stem cells (MSC) (Levoux et al., 2021).
Our study also utilized MitoTracker™ Deep Red (MTDR), a dye dependent on the mitochondrial membrane potential. In contrast, MitoTracker™ Green (MTG) does not rely on the mitochondrial membrane potential (Agnello et al., 2008; Cottet-Rousselle et al., 2011; Xiao et al., 2016). This dependency raises the possibility that the MTDR dye might not have been effectively retained by throughout the experiment. This could explain why MDA-MB-231 cells exhibit a higher MTG staining than MTDR (Figure 1K). This concern is particularly relevant considering that MDA-MB-231 cells were initially stained with MTDR, co-cultured with MTG-stained platelets, and then analyzed on the third day.
In addition, the more intense staining with MTG could be attributed to the MDA-MB-231 cells exposed to high quantities of platelet-derived mitochondria (Figure 1K). As a result, some of these mitochondria might co-localize with the endogenous mitochondrial network, potentially due to mitochondrial fusion, as observed in the confocal microscopy images (Figure 1K). To verify a connection between the mitochondria of platelets and cancer cells, we could study the morphology of the mitochondrial network in MDA-MB-231 cells cultured individually or with platelets using transmission electron microscopy (TEM). Furthermore, an analysis of protein or gene expression related to mitochondrial dynamics, such as mitofusins, could be analyzed.
Our study shows that incorporating mitochondria from platelets by MDA-MB-231 increases the OCR. However, we did not observe the OCR surpassing the basal rate in all these trials (Figure 2C; Figure 3F). This observation led us to conclude that it is likely that MDA-MB-231 cells consume oxygen at their maximum capacity or that there is a possibility of adjusting the amount of FCCP. We found that 200 nM FCCP is the better concentration for this study and is the concentration used in the seahorse assays (Supplementary Figure S3).
To elucidate the functional impact of acquiring platelet-derived mitochondria by MDA-MB-231 cells, we co-cultured these cancer cells with platelets previously stained with MTG. Using cell sorting, we then separated the cancer cells based on the intensity of the MTG signal, yielding two populations: those with low MTG intensity (MITO-Low) and those with high MTG intensity (MITO-High). As a control, MDA-MB-231 cells cultured alone were subjected to the same cell sorting process. The sorted cancer cells’ relative mitochondrial DNA (mtDNA) content was analyzed by qPCR to authenticate the validity of our experimental approach, which showed differential acquisition of platelet-derived mitochondria by the MDA-MB-231 cells.
On the one hand, we expected that the MITO-Low population had more mitochondria than the PLT-condition. Figure 2I shows that the MITO-High population has greater mtDNA content than the MITO-Low population and PLT-condition. However, no significant differences exist between the MITO-Low and PLT-conditions. This could be explained by the nature of our experimental strategy, in which we used the MTG dye to sort the cells that acquired platelet-derived mitochondria. We thought that there was a possibility that the MITO-Low population acquired cell structures that were MTG positive but were not complete mitochondrion (i.e., structurally damaged mitochondria). If we used platelets with GFP-labeled mitochondria, our experimental strategy could be more accurate, with the expected result of the MITO-Low population with more mitochondria than the PLT-condition. In addition, it has been described that MSC acquires mitochondria from platelets via endocytosis (Levoux et al., 2021). Moreover, cancer cells display notable heterogeneity in gene expression, both in vitro and in vivo, and alterations in endocytic pathways are frequently seen in cancer cells (Mellman and Yarden, 2013; Kinker et al., 2020). Such variability could lead to a subset of cancer cells possessing enhanced endocytic capabilities, resulting in greater internalization of mitochondria (Patel et al., 2017; Jayashankar and Edinger, 2020).
Our observations underscored that the MITO-High subpopulation of sorted MDA-MB-231 cells had higher ATP content and exhibited more cell proliferation than the MITO-Low subpopulation and the bulk of MDA-MB-231 cells. Conversely, we observed that the ATP content in the MITO-Low subpopulation was lower than in the bulk of MDA-MB-231 cells. Interestingly, the MITO-High subpopulation also had higher mtDNA levels, followed by the PLT-condition and then the MITO-Low subpopulation. The observed effects could be attributed to the amount and quality of platelet-derived mitochondria internalized by the MDA-MB-231 cells. We are exploring the “Mitohormesis” effect, which might yield different outcomes based on various signals like reactive oxygen species (ROS), mitochondrial metabolites, proteotoxic signals, and the mitochondria-cytosol stress response (Kenny et al., 2020). The mitochondria have been recognized as a pivotal organelle within cancer cells (Wallace, 2012). This is further supported by findings that cancer cells devoid of functional mitochondria require more time to form tumors than those with functional mitochondria (Tan et al., 2015). In addition, through the tricarboxylic acid cycle (TCA), mitochondria generate molecules that serve as the building blocks for synthesizing essential macromolecules, aiding in the proliferation of cancer cells (Vasan et al., 2020). Consequently, it is conceivable that the MITO-High subpopulation possesses a superior capacity for metabolite and ATP production, which might facilitate a more active state of cell proliferation. This supposition aligns with recent studies, where it was noted that glioblastoma cells with newly acquired exogenous mitochondria displayed increased cell proliferation (Watson et al., 2023).
On the other hand, elevated platelet counts during diagnosis often signal poorer outcomes, particularly in breast cancer (Giannakeas et al., 2021; Tao et al., 2021). This leads us to hypothesize that platelets play a pivotal role in the pathophysiology of hematogenous metastasis. This hypothesis is corroborated by the widespread expression of the clot-initiating protein, tissue factor (TF), across various solid tumors, a factor typically associated with advanced stages of the disease (Gomes et al., 2017). Given these insights, it is plausible that therapeutic strategies aimed at reducing platelet count or inhibiting their activation could slow cancer progression and improve patient outcomes. This perspective opens avenues for exploring pharmacological strategies that target platelets, which may significantly influence the course of cancer. Within this context, drugs that modulate platelet activation could be potential tools for mitigating TNBC progression.
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SUPPLEMENTARY FIGURE S1 | Gating strategies for analyzing flow cytometry data. (A) Flow cytometry analysis was used to evaluate the internalization of mitochondria by MDA-MB-231 cells. MDA-MB-231 cells were selected using the SSC-A v/s FSC-A plot. Double events were excluded via the FSC-H v/s FSC-A plot. MDA-MB-231 cells positive for CellTrace™ Violet (CTV) were gated using the FSC-A v/s CTV plot. The internalization of mitochondria was analyzed using flow cytometry histograms and median fluorescence intensity (MFI) for MitoTracker™ Green (MTG). (B) Flow cytometry analysis evaluated mitochondrial membrane potential and morphological changes in MDA-MB-231 cells. MDA-MB-231 cells were selected using the SSC-A v/s FSC-A plot. Double events were discarded via the FSC-H v/s FSC-A plot. MDA-MB-231 cells positive for CTV were gated using the FSC-A v/s CTV. Relative cell size and complexity were analyzed using flow cytometry histograms MFI for FSC-H and SSC-H, respectively. Then, live MDA-MB-231 cells were identified using the FSC-A compared to the live/dead plot from flow cytometry histograms. The mitochondrial membrane potential was analyzed using median fluorescence intensity (MFI) for TMRE. (C) Flow cytometry analysis was utilized to assess platelet activation. Platelets were selected using the SSC-A v/s FSC-A plot. Double events were not discarded due to the impact of platelet activation on their morphological properties. Platelets positive for CD42a were selected using the FSC-A v/s CD42a plot. Platelet activation was analyzed by measuring CD62p expression using the FSC-A v/s CD62p plot, flow cytometry histograms, and MFI for CD62p.
SUPPLEMENTARY FIGURE S2 | Evaluation of MitoTracker™ Green leakage from platelets to MDA-MB-231 cells. Transwell™ (TW) experiments (TW+) were performed to evaluate the potential leakage of MitoTracker™ Green (MTG) from platelets (PLT) to MDA-MB-231 cells. MTG-stained platelets were placed in the upper compartment, and MDA-MB-231 cells were placed in the lower compartment of the Transwell™ inserts (TW+) (pore size of 0.4 µm) for 24 h. In addition, we used PLT stained with MTG in co-culture with MDA-MB-231 cells (TW-) as a control for 24 h. The potential leakage of MTG from PLT to MDA-MB-231 cells was analyzed using flow cytometer. The histograms and median fluorescence intensity (MFI) of MTG signal in MDA-MB-231 cells are shown. A t-student statistical test was performed *p < 0.05.
SUPPLEMENTARY FIGURE S3 | Determination of optimal FCCP concentration for the Agilent Seahorse XF Cell Mito Stress Test. Seahorse experiments were performed to determine the optimal concentration of FCCP for seahorse trials. MDA-MB-231 cells were seeded on XF HS Mini 8-well plates with DMEM-HG. After 48 h, the cell culture medium was replaced with Agilent Seahorse XF DMEM medium pH 7.4 containing 10 mM glucose. Mitochondrial function was evaluated using 2 µM oligomycin (Oligo), a range of FCCP concentrations [100 nM (FCCP 1), 150 nM (FCCP 2), 200 nM (FCCP 3), 300 nM (FCCP 4), and 400 nM (FCCP 5)], 1 µM rotenone (Rot), and 1 µM antimycin-A (AA).
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Introduction: Rare disorders that are genetically and clinically heterogeneous, such as mitochondrial diseases (MDs), have a challenging diagnosis. Nuclear genes codify most proteins involved in mitochondrial biogenesis, despite all mitochondria having their own DNA. The development of next-generation sequencing (NGS) technologies has revolutionized the understanding of many genes involved in the pathogenesis of MDs. In this new genetic era, using the NGS approach, we aimed to identify the genetic etiology for a suspected MD in a cohort of 450 Portuguese patients.
Methods: We examined 450 patients using a combined NGS strategy, starting with the analysis of a targeted mitochondrial panel of 213 nuclear genes, and then proceeding to analyze the whole mitochondrial DNA.
Results and Discussion: In this study, we identified disease-related variants in 134 (30%) analyzed patients, 88 with nuclear DNA (nDNA) and 46 with mitochondrial DNA (mtDNA) variants, most of them being pediatric patients (66%), of which 77% were identified in nDNA and 23% in mtDNA. The molecular analysis of this cohort revealed 72 already described pathogenic and 20 novel, probably pathogenic, variants, as well as 62 variants of unknown significance. For this cohort of patients with suspected MDs, the use of a customized gene panel provided a molecular diagnosis in a timely and cost-effective manner. Patients who cannot be diagnosed after this initial approach will be further selected for whole-exome sequencing.
Conclusion: As a national laboratory for the study and research of MDs, we demonstrated the power of NGS to achieve a molecular etiology, expanding the mutational spectrum and proposing accurate genetic counseling in this group of heterogeneous diseases without therapeutic options.
Keywords: mitochondrial diseases, next-generation sequencing, mitochondrial DNA, nuclear DNA, nuclear genes, respiratory chain, oxidative phosphorylation
1 INTRODUCTION
Through the oxidative phosphorylation (OXPHOS) process, mitochondria play a crucial role in producing over 90% of the cell’s energy in the form of adenosine triphosphate (ATP), earning them the nickname “powerhouses of the cell.” Distinguished by their unique features, mitochondria possess their own genetic material, referred to as mitochondrial DNA (mtDNA), which is formed by a double-stranded circular molecule of 16,569 base pairs. This genome is formed by 37 genes responsible for encoding 13 polypeptides vital for facilitating protein synthesis within the organelle, 22 tRNAs, and 2 rRNAs. However, the majority of the remaining 1,500 mitochondrial proteins are encoded by nuclear genes, which are initially translated in the cytoplasm before being subsequently imported into the mitochondrion (Friedman and Nunnari, 2014; Mishra and Chari, 2014; Kotrys and Szczesny, 2019).
Mitochondrial diseases (MDs) have become a prevalent cause of inherited metabolic diseases, impacting approximately 1 in 5,000 individuals (Gorman et al., 2015) and revealing a high genetic heterogeneity as they can result from pathogenic variants in either the nuclear DNA (nDNA) or mtDNA. Consequently, a MD can manifest through various inheritance patterns, from an autosomal dominant or recessive pattern to X-linked, de novo or maternal inheritance (Rahman and Rahman, 2018). Morbimortality rates among the affected individuals vary significantly due to this heterogeneous nature, which tends to be higher in cases with a rapidly progressive pattern and a pediatric onset (Gorman et al., 2016).
High-energy-demand tissues such as the brain, muscles, peripheral nerves, eyes, and heart tend to be the most affected tissues when an impairment of mitochondrial function is present. Clinically, this tends to result in multisystem involvement, although certain patients can only exhibit involvement in a single system, usually the neurological system (DiMauro et al., 2013; Maresca et al., 2020).
In the pre-molecular era, the diagnosis of a MD traditionally depended on invasive techniques, such as tissue biopsies for histochemical and biochemical analysis. With the description of the first disease-causing mutation in the mtDNA in 1988, the molecular era of mitochondrial medicine began (Holt et al., 1988; Wallace et al., 1988; Zeviani et al., 1988).
In this molecular era, next-generation sequencing (NGS) technology can generate an enormous amount of sequence data in a short time at an affordable cost, making this approach ideal for the analysis of large patient cohorts (Stenton and Prokisch, 2020), allowing the identification of pathogenic mutations affecting both the mitochondrial and nuclear genomes (Riley et al., 2020), and shortening the diagnostic odyssey (Schon et al., 2020). Thus, NGS strategies not only allow the identification of known pathogenic variants but also enable the identification of suspected pathogenic variants in the candidate genes, novel variants in the mitochondrial disease-related genes, several variants of unknown significance (VUS), and even variants in disease genes not yet associated with MD but presenting similar phenotypes (Schlieben and Prokisch, 2020). To date, the causes of mitochondriopathies have been recognized to originate from pathogenic variants in more than 400 genes in both the mitochondrial and nuclear DNA (Frazier et al., 2019; Falk, 2020; Rahman, 2020; Stenton and Prokisch, 2020).
Providing these patients and their families with a definitive genetic diagnosis offers significant advantages, whether by facilitating genetic counseling, enabling personalized information about the treatment and prognosis, or providing access to reproductive options, including prenatal diagnosis (French et al., 2019; Poulton et al., 2019).
The primary aim of this study was to determine the genetic basis of the patients clinically and/or biochemically suspected of MDs in the NGS era and how this diagnostic tool has remarkably reduced the cost and increased the availability to reach a definitive diagnosis in a short time. This work, covering more than 304 patients, complemented the previous study of 146 patients already published (Nogueira et al., 2019) and allowed the evaluation of the phenotypic characteristics and genetic landscape of 450 MD patients in Portugal.
2 PATIENTS AND METHODS
2.1 Patients
We examined 450 patients, comprising 219 males and 231 females, with 262 in the pediatric group and 188 in the adult group, across seven Portuguese hospitals. These individuals, lacking a molecular diagnosis, were referred to our laboratory when the clinical, biochemical, and/or neuroimaging findings suggested a MD, following the criteria established by the Mitochondrial Medicine Society (Parikh et al., 2015). Notably, 146 out of the 450 patients had previously undergone a comprehensive investigation in our national laboratory. This involved traditional Sanger sequencing of the most prevalent mtDNA mutations and a group of genes linked to specific biochemical defects and/or clinical presentations. Most of the patients underwent metabolic evaluation, which included the analysis of the redox state, amino acids, organic acids, and acylcarnitines. Mitochondrial respiratory chain (MRC), multiple deletions, and/or mtDNA depletion were also investigated in 115/450 (26%) patients suspicious of mtDNA maintenance defects.
Approval for this study was granted by the Ethics Committee of the National Institute of Health Doutor Ricardo Jorge and the Local Ethics Committee of the participating hospitals. In accordance with the Declaration of Helsinki, informed consent for genetic studies was obtained from all examined patients or, when applicable, from their relatives.
2.2 Methods
2.2.1 DNA/RNA isolation
Bio Robot EZ1 (QIAGEN, Hilden, Germany) was used to extract genomic DNA from peripheral blood samples following the standard procedures.
In accordance with the manufacturer’s recommendations, total RNA was extracted using the PAXgene Blood RNA Kit (PreAnalytiX, QIAGEN, Germantown, MD, United States), and the quantification of both DNA and RNA was performed using a NanoDrop 2000 C spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).
2.2.2 Next-generation sequencing
2.2.2.1 Targeted nuclear panel
For DNA studies, we employed a NGS-guided strategy performed on a MiSeq Illumina platform. Using a SureSelect XT HS Kit (Agilent Technologies, Santa Clara, CA, United States), a set of targeted nuclear gene panels designed with SureDesign software (Agilent Technologies) was captured. This panel covered 213 nuclear genes, 188 of which were known to be associated with MDs, while 25 of these consisted of candidate genes based on their involvement in various pathways or the capability of their clinical presentations to mimic MDs (Supplementary Data Sheet S1).
Using commercially available programs, such as SureCall (Agilent Technologies, Santa Clara, CA, United States) and wANNOVAR (wannovar.wglab.org/), variant calling and annotation were carried out, respectively. As described in previous studies by our group (Nogueira et al., 2019), we filtered the variants considering the following criteria: i) the type of mutation, ii) in silico predictions from tools such as SIFT, MutationTaster, PolyPhen-2, and CADD (Kumar et al., 2009; Schwarz et al., 2010; Adzhubei et al., 2013; Kircher et al., 2014), iii) their presence in various databases (gnomAD, ExAC, 1000 Genomes, ClinVar, dbSNP, OMIM, and HGMD Professional), and iv) the population frequency. Variants in the Exome Variant Server databases (http://evs.gs.washington.edu) and 1000 Genomes Project (http://www.1000genomes.org) were filtered out if their minor allele frequency (MAF) was greater than 1%.
2.2.2.2 Whole human mitochondrial genome
The whole human mtDNA was enriched through a single amplicon using a long-range PCR approach (Zhang et al., 2012), and libraries were prepared using Illumina’s manufacturer’s instructions. FASTQ files were aligned using the tool SeqMan NGen (DNAStar) to the mtDNA reference sequence, and commercially available programs SeqMan Pro and SeqMan NGen (DNAStar) were employed to perform the variant calling and respective annotation. Variants were filtered, considering the following criteria: i) population frequency, ii) type of mutation, iii) presence in databases (MITOMAP, MitImpact2, and HmtVar) and their in silico predictions, and iv) heteroplasmy exceeding 5%, as detailed in our previous study (Nogueira et al., 2019).
2.2.3 Confirmatory Sanger sequencing analysis
Sanger sequencing was performed to confirm all the identified variants with the potential to be disease-causing. For this, the BigDye Terminator Cycle Sequencing Version 3.1 protocol (Applied Biosystems, Foster City, CA, United States) was used according to the standard procedures, and the sequencing results were analyzed using an ABI 3130XL DNA analyzer. Co-segregation studies were conducted in cases where DNA from additional family members was accessible to further assess the association of the identified variants with the observed phenotype.
2.2.4 RNA studies
SuperScript III First-Strand Synthesis SuperMix for RT-PCR (Invitrogen, Thermo Fisher, Waltham, Massachusetts, United States) was used to synthesize cDNA, following the manufacturer’s guidelines. NARS2 and DARS2 cDNA were amplified using specific forward/reverse primers (Supplementary Table S1) and the following PCR program: initial denaturation at 95°C for 10 min; denaturation at 95°C for 30 s, annealing for 45 s; extension at 72°C for 60 s (35 cycles); and final extension at 72°C for 10 min.
3 RESULTS
3.1 Demographics and clinical and genetic characteristics
This multicenter study enrolled patients from seven Portuguese hospitals distributed all over the country, with the majority from hospitals in the north and south. The age of onset was highly variable, ranging from 4 days to 78 years old. More than 40% of the patients presented neurologic symptoms, followed by muscular, ophthalmological, cardiac, and hearing symptoms (Figure 1).
[image: Figure 1]FIGURE 1 | Affected systems at disease onset in our cohort.
The pediatric group represents most of the patients in this cohort, at 58% (262/450), while the adult-onset group accounted for 42% of the patients (188/450), with 29 deceased patients (6%), 23 and 6 in each group, respectively. In the post-mortem studies, a molecular diagnosis was achieved in 62% of them.
In this study, we identified a possible molecular cause in 134/450 (30%) of the studied patients, with 66% of them being identified in the nuclear genome and 34% in the mitochondrial genome.
In these positive cases, 89 patients presented pathogenic or likely pathogenic variants, more commonly in nDNA. Furthermore, we identified 45/134 patients with VUS according to the American College of Medical Genetics and Genomics guidelines (ACMG), some of which were previously published by our group (Nogueira et al., 2019).
Reflecting changes in diagnostic procedures over the last decades, among these 134 MD patients with a positive molecular result, only 39 had also undergone a muscle biopsy. Histological analysis revealed morphological abnormalities in the majority of the adults. Nineteen out of these 39 patients were also confirmed to have OXPHOS enzyme deficiencies, such as isolated defects in complex I (n = 2), complex II + III (n = 2), complex IV (n = 2), multiple MRC defects (n = 7), multiple mtDNA deletions (n = 3), and mtDNA depletion (n = 3).
3.2 Nuclear genome
3.2.1 Pathogenic and likely pathogenic variants
Out of the 450 patients, 51 (11%) with pathogenic or likely pathogenic variants in nDNA presented 58 published and 14 novel likely pathogenic variants (Supplementary Table S2). These variants are distributed by genes involved in i) OXPHOS nuclear-encoded genes, ii) OXPHOS assembly genes, iii) mtDNA maintenance genes, iv) mtDNA transcription and translation genes, v) mitochondrial dynamics and homeostasis, vi) metabolism of substrates and cofactors, vii) metabolism of toxic compounds, and viii) other genes that mimic MDs and are known to cause monogenic disorders.
Affected genes with nDNA pathogenic and probably pathogenic variants in our cohort are described in Figure 2, according to the groups previously defined. The number of variants identified in each gene ranges from approximately 1% to 5%; however, EARS2 and VARS2 presented the largest number of variants, accounting for 9% and 7%, respectively.
[image: Figure 2]FIGURE 2 | Distribution of the nDNA pathogenic/probably pathogenic variants by the affected genes according to their functional groups.
The identified variants were comprised of i) already known causative mutations, ii) novel predicted pathogenic variants, and iii) variants that were previously validated (Nogueira et al., 2019).
Novel variants were classified as likely pathogenic when several of the following criteria were found: i) they occurred in genes where a reported pathogenic variant had already been identified, ii) the patient’s phenotypes overlapped with clinical presentations previously documented for the corresponding gene, iii) the variant exhibited an overall MAF of less than 0.01% in the gnomAD database, iv) referred in silico predictors labeled the variant as damaging, such as CADD stringent scores (≥20) or extremely stringent scores (≥25), and v) confirmation was obtained by Sanger sequencing on the proband’s DNA and, when available, in the DNA of family members.
3.2.2 Variants of unknown significance
We identified 52 VUS, classified according to the ACMG guidelines (Richards et al., 2015), in 37/450 (8%) additional patients (Supplementary Table S3). Thirty of these VUS have been published in the literature by our group (Nogueira et al., 2019), and the remaining 22 are novel.
The identified VUS were distributed according to their functional groups, with the affected genes represented in Figure 3.
[image: Figure 3]FIGURE 3 | Distribution of the nDNA VUS by the affected genes according to their functional groups.
3.3 Mitochondrial genome
3.3.1 Pathogenic and likely pathogenic variants
Sequencing of the whole human mitochondrial genome allowed the identification of: i) 11 additional pathogenic variants already described, ii) five likely pathogenic variants, three previously published (m.3251A>G/MT-TL1, m.3946G>A/MT-ND1, and m.6547T>C/MT-CO1) and two novel (m.4311G>A/MT-TI and m.12213G>A/MT-TS2), as well as iii) four single large-scale mtDNA deletions. Six of the most frequent variants of the mtDNA associated with MDs were identified in more than one patient: m.1555A>G in MT-RNR1, m.3243A>G and m.3271T>C in MT-TL1, m.8993T>G in MT-ATP6, m.11778A>G in MT-ND4, and m.13513A>G in the MT-ND5 gene. The deafness-causing variant m.1555A>G was identified in three patients. Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) variants m.3243A>G and m.3271T>C were found in 11 and three patients, respectively. Leber hereditary optic neuropathy (LHON)-associated variant m.11778A>G was found in two cases, and m.8993T>G and m.13513A>G, usually associated with LS (Leigh syndrome), were present in two and three patients, respectively. The variants m.5703G>A/MT-TN, m.7471insC/MT-TS1, m.8344A>G/MT-TK, m.9176T>G/MT-ATP6, and m.10197G>A/MT-ND3 were identified only in one patient in the studied cohort. Additionally, we were able to detect four distinct single large-scale mtDNA deletions ranging from 4 to 10 kilobases in P123 to P126.
The total variants and deletions were found in 38/450 patients (9%) (Supplementary Table S4) and were distributed in the mtDNA genes encoding the structural subunits of OXPHOS, tRNAs, and rRNAs. We highlight that the deletions, because of their large scales, encompass several genes, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Localization and size of mtDNA large-scale deletions identified in this study.
Genes encoding tRNAs represent the larger group with identified variants since the MT-TL1 gene holds the largest number of molecular characterizations in mtDNA, particularly due to the presence of m.3243A>G in 11 patients. The variants identified in the genes encoding OXPHOS subunits were, in general, equally distributed in most of them. In the case of MT-ATP6, MT-ND5, and MT-RNR1 gene encoding the 12S rRNA, we observed a slightly higher percentage since variants in these loci were identified in more than one patient (Figure 5).
[image: Figure 5]FIGURE 5 | Distribution of the pathogenic/likely pathogenic variants through the mtDNA genes according to their functional groups.
Most variants were detected in various degrees of heteroplasmy (ranging from 5% to 95%), except for m.1555A>G, m.9176T>G, m.10197T>G, and m.11778A>G, which were identified in homoplasmy (Supplementary Table S4). DNA extracted from muscle was only available for nine patients, harboring the following variants: m.3243A>G (P92), m.3251A>G (P103), m.3271T>C (P104), m.4311A>G (P108), m.5703G>A (P109), m.6547T>C (P110), m.10197G>A (P116), m.12213G>A (P119), and m.13513A>G (P120). A sample from buccal mucosa was studied for P93, in whom the m.3243A>G variant was also detected in this tissue. The segregation study was possible in the mothers of patients P104, P106, and P108, in whom the variants were identified in heteroplasmy, and in the mothers of patients P92, P107, P115, P119, and P120, in whom the variants were not detected.
3.3.2 Variants of unknown significance in the mitochondrial genome
Complete sequencing of the mtDNA also revealed eight VUS (Supplementary Table S5) in eight different individuals [8/450 patients (2%)], distributed randomly in the structural genes of OXPHOS and in the genes encoding the MT-TG and MT-RNR2 (Figure 6).
[image: Figure 6]FIGURE 6 | Distribution of VUS through the mtDNA genes according to their groups.
All the variants were found in the heteroplasmic state, except m.9331T>C in MT-CO3, which was detected in homoplasmy in patient P131 and his mother. Another segregation study was possible in patient P130, the variant m.8975T>C was in heteroplasmy in the DNA from the patient’s blood and muscle and absent in his mother. In patient P134, the muscle and buccal mucosa samples were also available, but the m.13115T>C variant was not detected in those tissues.
3.4 Mortality rate
The mortality rate in our cohort was 6% (29/450), and a molecular diagnosis was achieved in 62% of the deceased patients in this cohort. A total of 27 variants were identified: 19 pathogenic variants already described in the literature, four likely pathogenic variants, and four VUS. Most of the patients that passed away were children and presented variants in the nuclear genes involved in mitochondrial translation, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Molecular results of deceased patients.
4 DISCUSSION
Until 2016, traditional Sanger sequencing was performed to detect the most common mtDNA variants and a group of nuclear genes associated with a clinical presentation and/or a specific biochemical defect. Afterward, we applied a combined NGS approach based on a customized targeted mitochondrial panel of 213 nuclear genes, followed by the entire mitochondrial genome analysis. Initially, we applied this strategy to a cohort of 146 patients suspected of MDs without a molecular diagnosis, as detailed in our previous publication (Nogueira et al., 2019). Later, we expanded this approach to include an additional 304 patients, resulting in a comprehensive study covering a total of 450 patients. This expanded study allowed us to achieve a possible genetic diagnosis in 134/450 patients (30%), 88 in nDNA and 46 in mtDNA, identifying a total of 154 variants: 126 (82%) in the nuclear genome and 28 (18%) in the mitochondrial genome. Furthermore, 20 of these variants are novel, 72 are described, and the remaining 62 are VUS. In our study, mtDNA variants account for more adult-onset MDs, while nDNA variants more frequently result in infancy-onset MDs, which was also demonstrated in the literature in some reviews of MDs (Pronicka et al., 2016; Subathra et al., 2016).
Based on these results, we propose the diagnostic algorithm for MDs referred to in Figure 8.
[image: Figure 8]FIGURE 8 | Diagnostic algorithm for a suspicion of mitochondrial disease.
We used blood as the primary tissue of choice for the sequence-targeted mitochondrial nuclear gene panel and the whole mitochondrial genome. However, to infer the potential pathogenicity of a VUS, detected either in nDNA or mtDNA, muscle tissue was required to perform the biochemical study of MRC, multiple deletions, and/or mtDNA depletions because it contains a large number of mitochondria. Muscle tissue was also required to detect the degree of heteroplasmy when a low level of mutated mtDNA was identified in the blood as mutation levels can change over time and increase in post-mitotic tissues (Lawless et al., 2020). Despite being a mitochondria-rich tissue, the invasive nature of muscle biopsies positions this analysis as a final step of our investigations. Furthermore, segregation studies should always be carried out for both confirmed pathogenic variants and VUS.
4.1 Nuclear genome
4.1.1 Pathogenic and likely pathogenic variants
In 51/450 patients (11%), 12 novel likely pathogenic variants and 55 pathogenic variants, already reported in the literature, were identified in the nDNA, which were already reported in the literature (Supplementary Table S2). These variants were distributed according to the groups of genes defined in Figure 2, with most of the pathogenic variants described in the group of OXPHOS nuclear/assembly-encoded genes and the novel variants likely pathogenic in the group of mtDNA transcription and translation genes. However, we highlighted the nuclear gene EARS2 as it had the largest number of described and novel variants identified in the pediatric group of this cohort (8%).
The likely pathogenic variants were identified in the following genes: BCS1L (P5), FBXL4 (P11), POLG (P14 and P15), RRM2B (P16), MTO1 (P19), TSFM (P22 and P23), EARS2 (P28), NARS2 (P29), RARS2 (P30 and P31), VARS2 (P32 and P34), and SLC19A3 (P45). Among this group, we highlight P29, who was a female newborn with intrauterine growth restriction and preterm birth. After birth, she developed severe mitochondrial dysfunction, presenting lactic acidosis, severe generalized hyperaminoaciduria, congenital heart disease, neonatal diabetes, and omphalocele. Her clinical condition had a progressively fatal outcome. The primary analysis of P29 identified a described pathogenic variant in NARS2, c.500A>G (p.His167Arg), in heterozygosity. This gene is responsible for encoding the enzyme asparaginyl-tRNA synthetase, which is imported into the mitochondria in order to catalyze the binding of asparagine to the respective tRNA molecule (Simon et al., 2015). Biallelic pathogenic variants in this gene are one of the causes of OXPHOS complex dysfunction and result in neurodegenerative disorders, such as spastic paraplegia, Leigh syndrome, and Alpers syndrome (Štěrbová et al., 2021). As it is an autosomal recessive disease and only one causal allele had been identified, we continued the study of NARS2 cDNA, which revealed a large heterozygous deletion covering exons 7, 8, and 9 [c.690-?_959+?del (p.Ala231_Ile320del)], confirming the definitive diagnosis of this patient.
The following pairs of patients, P9 and P10, P12 and P13, P22 and P23, P25 and P26, and P30 and P31, are siblings harboring pathogenic and/or likely pathogenic variants in the SURF1, FBXL4, TSFM, EARS2, and RARS2 genes, respectively. The clinical phenotypes of the siblings with pathogenic variants are similar to those described in the literature (Tiranti et al., 1998; Steenweg et al., 2012).
Most of the characterized patients with pathogenic and likely pathogenic variants in the nuclear genome were children (76%), which is in agreement with the literature (Chinnery et al., 2014). The remaining 23% of patients were adults and presented variants in the following genes: POLG, RRM2B, OPA1, KIF5A, SPR, NDUFV2, TK2, PNPT1, VARS2, WARS2, PDHX, and SPG7, the first five with autosomal dominant patterns and the remaining in autosomal recessive patterns. Moreover, multiple mtDNA deletions were confirmed in two of the patients with variants in the POLG and TK2 genes, consistent with what is described in the literature.
4.1.2 Variants of unknown significance
Furthermore, we identified 54 VUS (Supplementary Table S3), according to the ACMG, in 37/450 patients (8%), which were distributed according to their functional groups defined in Figure 3.
In the group of OXPHOS subunits and their respective assembly factors 10 VUS were identified, seven of which were already described by our group in previous studies (Nogueira et al., 2019), and three were novel; one was identified in NDUFS1 and the others in ATP5F1A.
In the mtDNA replication and maintenance group, a total of six VUS were detected, with three of them identified for the first time in this study in the GTPBP3 and POLG2 genes.
The group of mitochondrial DNA transcription and translation genes group accounts for 15 VUS, nine of which were novel, localized in the CARS2, KARS1, LARS2, VARS2, TSFM, and GFM1 genes. In this group, we highlight P65, a 2-year-old male child with hyperlactacidemia, hyperalaninemia, ataxia, non-progressive hypotonia, and a normal MRI. His primary molecular analysis identified a described heterozygous variant in the DARS2, c.90C>A (p.Tyr30*), but the cDNA study did not allow the identification of the second causal allele in this gene. Thus, as it is described in the literature (Papadimitriou et al., 2019), there are additional genes (KARS1, DARS1, FAAH, FAAH2, GATB, and QRSL1) that interact with DARS2, as shown by the STRING platform (https://string-db.org/) (Figure 9).
[image: Figure 9]FIGURE 9 | Physical network of genetic interactions associated with the DARS2 gene. Adapted from the STRING platform (https://string-db.org/).
Among these, KARS1 (OMIM *601421) stands out, in which the variant c.1609C>T (p.Arg537Trp) was identified in heterozygosity. In addition to these two proteins having some sequence similarity, their interaction has already been previously described in the literature and may reinforce this hypothesis (Robinson et al., 2000).
Co-segregation studies were also performed, with his father being the carrier of the KARS1 variant and his mother being the carrier of the DARS2 variant, confirming the digenic inheritance in this patient. In the group of dynamics and homeostasis, three VUS were identified; one of them was novel in the MFN2 gene and present in two siblings (P73 and P74) with a similar clinical picture of neurodegenerative disease. In the metabolism of substrates and cofactors group, five VUS were identified, three of them novel, in COQ8A and DLD genes. Finally, in the group of genes that mimic MDs, a total of 13 VUS were identified, with six of them being novel in ALG13, CWF19L1, DNAJC5, KIF5A, and NOTCH3 genes.
The identified VUS require additional analysis through animal and/or functional studies to establish their pathogenicity. Although it is beyond the scope of this work, these studies may involve various approaches, including the search for biomarkers, rescue experiments, animal models, micro-organism models, CRISPR/Cas9 technology, induced pluripotent stem cells (iPSC), and other relevant methodologies. To definitively validate the impact of these variants on protein function, these studies are essential for conclusive diagnosis within this cohort of patients.
4.2 Mitochondrial genome
The sequencing of mtDNA revealed a total of 24 variants (16 pathogenic/likely pathogenic and 8 VUS) and four single large-scale mtDNA deletions, which eventually led to a molecular diagnosis in 46/450 (10%) patients. The percentage of variants identified in the mitochondrial genome was conditioned by the fact that some of the patients with a well-defined syndrome were ruled out since the first approach of their study was orientated and positive for the most frequent variants in mtDNA or multiple deletions in the muscle biopsy. Nevertheless, we still identified some of these frequent variants in the patients of this cohort since the approach has been to sequence the complete mtDNA by NGS in all suspected MD patients. Another factor for the relatively low percentage of identified variants in mtDNA was the age of the patients in this cohort, in which most of the patients were pediatric, 262 (58%), for whom the presence of a causal variant in the nuclear genes associated with MDs is more probable.
4.2.1 Pathogenic/likely pathogenic variants
The associated phenotypes with the eleven previously reported pathogenic variants in mtDNA found in this research were, generally, in agreement with the already described presentations. However, we identified the deafness-associated m.1555A>G/MT-TRNR1 variant in patient P89, who presented parkinsonism without hearing loss, and in patients P90 and P91, who had neurological symptoms in addition to deafness. The association of the m.1555A>G variant with distinct presentations is already known, and recently, it has been hypothesized that this variant may be associated with multi-organ disorder, with penetrance correlated with the level of heteroplasmy in different tissues (Sobenin et al., 2013; Valiente-Pallejà et al., 2018; Finsterer, 2020). Another variant that is usually associated with deafness, the m.7471insC in MT-TS1, was identified in patient P111, who presented with progressive external ophthalmoplegia, head drop syndrome, and tetraparesis. This variant was formerly reported in patients with neurological presentations (Jaksch et al., 1998; Cardaioli et al., 2006; Valente et al., 2009).
It is common for an mtDNA variant to cause a broad spectrum of clinical symptoms at variable heteroplasmy levels, and this was observed for the MELAS m.3243A>G in MT-TL1, which was identified in patients with variable but known presentations (Vilarinho et al., 1997; Vilarinho et al., 1999). We confirmed that the level of heteroplasmy in the blood is not representative of the penetrance of this mutation, and, although it was not always possible in this study, the load of m.3243A>G should be estimated in other tissues (Chin et al., 2014; Shen and Du, 2021). This evaluation would be particularly relevant for patients P92 and P95, who must have a higher rate of mutation in the heart and kidney tissues, respectively.
It is also relevant to mention that in patient P109, in addition to the MT-TN variant m.5703G>A, multiple mtDNA deletions were identified in the muscular biopsy. The m.5703G>A variant has been reported with a similar presentation, but multiple mtDNA deletions were not reported (Zereg et al., 2020). We speculate that the presence of this variant may have enhanced the level of multiple mtDNA deletions in this patient and/or that these rearrangements were a consequence of aging despite her age of 57 years (Sevini et al., 2014).
We also highlight our group report about the m.9176T>G in P115, in which the low citrulline level prompted the investigation of mtDNA and revealed this de novo pathogenic variant in a nearly homoplasmic state (Baldo et al., 2023).
The likely pathogenic variants m.3251A>G/MT-TL1 in patient P103, m.3946G>A/MT-ND1 in patient P107, and m.6547T>C/MT-CO1 in patient P110 have previously been described but have not been classified with a confirmed pathogenic status. The m.3251A>G variant has already been associated with myopathy, and, in our patient, the biochemical study of the complexes of MRC revealed severe multiple deficiencies, which are usually present in causal mutations in mitochondrial tRNA genes (Sweeney et al., 1993; Houshmand et al., 1996). Additionally, the percentage of heteroplasmy in the muscle biopsy was higher (95%) than the rate detected in the blood (70%). The m.3946G>A variant appeared de novo in LS patient P107. There is a previous report with the same presentation, and the variant was detected in a high level of heteroplasmy in his blood sample. These findings, the in silico predictions, the frequency of 0.002% in the MITOMAP database, and the conservation of this locus are in favor of a pathogenic status (Ogawa et al., 2017). The m.6547T>C variant identified in P110, first described by Yoneda in 1990 and later reported by our group (Pereira et al., 2019), was recently reclassified by the new version of APOGEE (APG2) as likely pathogenic.
The m.4311G>A/MT-TI variant in patient P108 and m.12213G>A/MT-TS2 in patient P119 are newly reported in our study as being associated with diseases. The m.4311G>A variant exhibited high heteroplasmy in the blood and muscle samples of this patient and was present in only 15% of the molecules in the blood sample of the asymptomatic mother. The MitoTip tool classified this variant as likely pathogenic; it is absent from the population database of MITOMAP, and it is in a conserved position in the mtDNA. The m.12213G>A/MT-TS2 variant was detected with a 25% heteroplasmy rate in the blood sample and 98% in the muscle biopsy of patient P119 and was absent in her asymptomatic mother. The MitoTip tool classified the variant as possibly pathogenic; it is absent from the MITOMAP database, and it is a highly conserved locus in mtDNA. Additionally, the MRC study revealed multiple deficiencies of the MRC complexes.
We detected four single large-scale mtDNA deletions in the blood samples of four pediatric patients. These deletions are generally not detected in the blood, except for Pearson syndrome (PS)/ Kearn–Sayre syndrome (KSS). It is worth noting that these four patients (P123–P126) did not exhibit the classical presentation of PS, and their mitochondrial genome were screened due to a suspected MD with no indication of a particular syndrome. These cases bring new insights for the clinical presentation of PS and add an advantage for the utility of NGS analysis of mtDNA in blood samples of children with a suspected MD (Wild et al., 2020; Yoshimi et al., 2022).
4.2.2 Variants of unknown significance
In accordance with the recommendations of the ACMG/AMP (Association of Molecular Pathology) and guidelines for mitochondrial DNA variant interpretation, we classified eight of the variants found in the mtDNA as VUS (McCormick et al., 2020).
The frequency of all these VUS is below 0.002% in the MITOMAP database, and these variants have been detected in heteroplasmy, apart from m.9331T>C in MT-CO3. This variant found in patient P131, although in homoplasmy, was also identified in his mother, who presented cardiac symptoms and myalgia like her son. Three of the VUS, m.2862C>T/MT-RNR2, m.10011A>G/MT-TG, and m.13115T>C/MT-ND5, are newly reported to be associated with diseases in this study. The remaining variants have already been described, and we emphasize that the m.8382C>T/MT-ATP8 and m.8975T>C/MT-ATP6 variants were investigated by functional studies (Rucheton et al., 2020). We also highlight that the m.8975T>C variant in MT-ATP6 appeared de novo in patient P130 with no family history of MDs. The m.12425delA variant, located in MT-ND5, a hotspot gene for mtDNA pathogenic variants, predicted a severe truncation of the mature ND5 protein and was reported in a young girl with an isolated complex-I deficiency associated with an unusual MD presentation (Alston et al., 2010). Multiple lines of computational evidence support a deleterious effect for most of the VUS, except for the m.2862C>T in MT-RNR2 variants since there are currently no readily accessible informatics tools for the prediction of rRNA variant effects.
As mentioned above, there is some evidence suggesting that these variants may play a causative role in the clinical presentation of these patients with VUS. However, further studies must be performed involving segregation investigation, the rating of heteroplasmy of the variants in other tissues, the determination of the activity of the complexes of MRC, and functional studies.
4.3 Mortality rate
The mortality rate in our cohort (6%) was below the range of 14%–46% described in several other studies looking into MD mortality (Debray et al., 2007; Eom et al., 2017; Papadopoulos et al., 2020; Wong et al., 2023). Of the 62% deceased patients with a molecular diagnosis, the majority were children and presented mutations in the nuclear genes involved in mitochondrial translation. Defects in nucleus-encoded mitochondrial aminoacyl-tRNA synthetases, key components of the mitochondrial translation apparatus, result in severe combined MRC deficiencies and often lead to a fatal outcome in infancy (Gomez and Ibba, 2020).
5 CONCLUSION
The successful completion of the Human Genome Project in 2003, coupled with significant advancements in NGS technologies, marked unparalleled advances in the field of human genomics research, which has reshaped clinical medicine and biomedical exploration.
This research provided a comprehensive overview of the genetic makeup and clinical features of a group of Portuguese individuals suspected of having MDs. The NGS data provided by our study emphasize the effectiveness of employing this combined NGS approach for achieving genetic diagnoses in numerous cases involving both children and adults. Many of these cases have proven challenging to resolve through conventional Sanger sequencing-based screening of specific nuclear genes and the most common mtDNA mutations, which is why the use of custom-designed panels is so useful when seeking to obtain a molecular diagnosis in a timely and cost-effective manner. Additionally, concerning post-mortem diagnoses, we emphasize the significance of NGS data, which can facilitate subsequent prenatal diagnosis.
Comparing this study with our previous study (Nogueira et al., 2019), for this extended cohort of studied patients, there was a significant contribution of this manuscript to achieve more molecular diagnosis, increasing the possible genetic diagnosis from 25% to 30%. Nevertheless, to address the remaining 316 patients (70%) without a definitive genetic diagnosis, performing whole-exome sequencing analysis could increase the molecular characterization for this set of patients, as the analysis of targeted gene panels often leads to the omission of newly discovered genetic causes.
Nonetheless, as a national laboratory for the study and research of MDs, the results of our center contributed to the expansion of the mutational spectrum of pathogenic variants and are expected to provide appropriate family counseling, including prenatal and preimplantation screening. Given the genetic heterogeneity of these disorders and the absence of effective therapeutic options to date, these results carry substantial implications for enhancing our understanding and management of MDs.
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Regeneration and repair are prerequisites for maintaining effective function of skeletal muscle under high energy demands, and myogenic differentiation is one of the key steps in the regeneration and repair process. A striking feature of the process of myogenic differentiation is the alteration of mitochondria in number and function. Mitochondrial dysfunction can activate a number of transcriptional, translational and post-translational programmes and pathways to maintain cellular homeostasis under different types and degrees of stress, either through its own signaling or through constant signaling interactions with the nucleus and cytoplasm, a process known as the mitochondrial stress responses (MSRs). It is now believed that mitochondrial dysfunction is closely associated with a variety of muscle diseases caused by reduced levels of myogenic differentiation, suggesting the possibility that MSRs are involved in messaging during myogenic differentiation. Also, MSRs may be involved in myogenesis by promoting bioenergetic remodeling and assisting myoblast survival during myogenic differentiation. In this review, we will take MSRs as an entry point to explore its concrete regulatory mechanisms during myogenic differentiation, with a perspective to provide a theoretical basis for the treatment and repair of related muscle diseases.
Keywords: myogenic differentiation, ISR, UPRmt, mitochondrial biogenesis, mitochondrial fusion and fission, mitophagy, apoptosis
1 INTRODUCTION
Skeletal muscle accounts for 30%–40% of healthy body weight and plays key roles in human voluntary movement, postural maintenance, respiration, and thermogenesis, the maintenance of which relies heavily on the regeneration and repair of skeletal muscle (Dumont et al., 2015; He et al., 2021). Skeletal muscle regeneration and repair is a complex process mediated by muscle satellite cells (MuSCs). MuSCs, located between the muscle membrane and the basal lamina of myofibers, are normally quiescent until they are activated by growth signals or injury stimuli. Upon activation, these cells will migrate and proliferate extensively to form mononuclear precursor cells, i.e., myoblasts. Subsequently, once the population of myoblasts has expanded, they exit the cell cycle and activate a differentiation programme to form multinucleated myotubes, which eventually fuse with existing myofibers to facilitate myofiber replenishment and repair. One of these key steps, the differentiation from myoblasts to myotubes, has been termed myogenic differentiation (Walsh and Perlman, 1997; Morgan and Partridge, 2003; Remels et al., 2010; Relaix and Zammit, 2012). This step is coordinated by a number of specific genes, such as myogenic regulatory factors (MRFs), including myogenic factor 5 (Myf5), myogenic regulatory factor 4 (MRF4), myoblast determination protein 1 (MyoD) and myogenin (MyoG), which direct progenitor cells to establish a myogenic lineage and activate the myogenic differentiation programme. MRFs also regulate the level of myosin heavy chain (MyHC), which determines the contractile properties of myofibers (Zammit, 2017). Reduced myogenic differentiation capacity has been reported to be associated with the progression of several muscle diseases, such as sarcopenia (Sun et al., 2022), skeletal muscle atrophy (Rahman and Quadrilatero, 2023) and Duchenne muscular dystrophy (Meyer et al., 2021).
Mitochondria are closely associated with myogenic differentiation due to the high energy requirements of skeletal muscle and the fact that mitochondria are the principal energy-supplying organelles in the cell (Wagatsuma and Sakuma, 2013). A striking feature of the process of myogenic differentiation is the change in the number, morphology and functional properties of mitochondria. Mitochondria in myoblasts are in an immature state, with low numbers, underdeveloped cristae and low levels of β-oxidation and overall respiration; whereas, when stimulated by differentiation factors, myoblasts must switch to a more oxidative phenotype to support a differentiation programme accompanied by metabolic reprogramming. As a result, mitochondria within differentiated myotubes appear more mature, with high numbers, enhanced levels of oxidative phosphorylation and increased ATP production (Vertel and Fischman, 1977; Barbieri et al., 2011; Rahman and Quadrilatero, 2021). To further elucidate the relationship between mitochondria and myogenic differentiation, several studies have used rotenone (complex I inhibitor), trifluoroacetone (complex II inhibitor) (Chabi et al., 2021), carbonylcyanide p-trifluoromethoxy-phenylhydrazone (FCCP) (mitochondrial uncoupler) (Wang et al., 2014), mitochondrial division inhibitor-1 (Mdivi-1) (dynamin-related protein 1 (Drp1) inhibitor) (Kim et al., 2013), ethidium bromide (EB) (mitochondrial DNA transcriptional inhibitor), rifampicin (mitochondrial RNA synthesis inhibitor) (Brunk and Yaffe, 1976), chloramphenicol (mitochondrial protein synthesis inhibitor) (Seyer et al., 2011), and UCF101 (High-Temperature Requirement Protein A2(HtrA2) inhibitor) (Sun et al., 2022) and others were used in differentiation model experiments, and it was found that affecting mitochondrial function from multiple aspects can have a negative impact on myogenic differentiation, indicating that mitochondrial diversity function controls the fate of myoblast differentiation.
When mitochondrial dysfunction occurs, mitochondria can continuously crosstalk with the nucleus and cytoplasm through signaling pathways originating from their own activation, activating a number of transcriptional, translational and post-translational programmes and pathways to execute multiple mitochondrial stress responses (MSRs). Short-term, mild stress can aid cellular homeostasis, whereas prolonged and severe stress can trigger apoptosis by causing an unresolved intracellular imbalance. Thus, the effect of MSRs is closely related to the duration and magnitude of the stress effects. (O'Malley et al., 2020; Picard and Shirihai, 2022). Furthermore, influenced by factors that initiate differentiation, skeletal muscle differentiation and formation itself is accompanied by significant levels of cellular stress changes such as caspase activation, increased reactive oxygen species (ROS), and upregulation of transcription of oxidative stress-related genes. (Jahnke et al., 2009; Baechler et al., 2019; Li et al., 2021; Gugliuzza and Crist, 2022), which confers the possibility that MSRs are involved in the transfer of information during myogenic differentiation. It is clear that MSRs play an important role in myogenic differentiation under both physiological and pathological conditions. Therefore, in this review, we describe multiple response pathways activated by mitochondrial stress, including integrated stress response (ISR), mitochondrial unfolded protein response (UPRmt), mitochondrial biogenesis, mitochondrial fusion and fission, mitophagy, apoptosis, as well as some of their known or potential effects on myogenic differentiation. With the aim of providing new perspectives and ideas to address related issues of muscle health and disease by exploring the link between MSRs and myogenic differentiation.
2 SELECTIVE TRANSCRIPTIONAL/TRANSLATIONAL EFFECTS OF MITOCHONDRIAL-NUCLEAR INTERACTION REGULATION ON MYOGENIC DIFFERENTIATION
2.1 ISR
In response to different stressful stimuli, eukaryotic cells activate a broader adaptive pathway known as the ISR. In mammals, four eukaryotic translation initiation factor 2alpha (eIF2α) kinases have now been identified, namely, general control non-derepressible 2 (GCN2), double-stranded RNA-dependent protein kinase (PKR), PKR-like ER kinase (PERK) and heme-regulated eIF2alpha kinase (HRI) (Donnelly et al., 2013). Stress activation of the four eIF2α kinases mentioned above phosphorylates the α-subunit of eIF2α at serine 51, and this phosphorylation blocks the formation of the ternary complex consisting of eIF2, GTP, and Met-tRNAi, which is a key step in 5′cap-dependent translation initiation, and thus can inhibit the overall translational initiation activity, leading to reduced protein synthesis (English et al., 2022). Next, ISR activation allows preferential expression of specific genes containing upstream open reading frames, such as the transcription factors activating transcription factor 4 (ATF4), C/EBP homologous protein (CHOP) and activating transcription factor 5 (ATF5), to ensure the subsequent generation of factors that aid in cellular recovery or, in some cases, initiate apoptosis (Eckl et al., 2021; Licari et al., 2021).
Of interest, a recent study by Guo X et al. (Guo et al., 2020) found that mitochondria can transmit stress signals into the cytoplasm via the OMA1-DAP3 binding cell death enhancer-1 (DELE1)-HRI pathway, which subsequently triggers ISR (Figure 1). Upon stress onset, DELE1 is cleaved by the inner mitochondrial membrane protease OMA1 and subsequently translocates to the cytoplasm to interact with HRI, which phosphorylates eIF2α, inhibits cytoplasmic protein translation, activates the transcription factors ATF4, CHOP, and ATF5, and initiates the expression of stress-related genes.
[image: Figure 1]FIGURE 1 | Selective transcriptional/translational effects of mitochondrial-nuclear interaction regulation on myogenic differentiation. Both knockdown ClpP and using UCF101 to inhibit HtrA2 or HtrA2 inactivation in Mnd2 mouse models show that activated mitochondrial-nuclear retrograde signaling inhibits myogenic differentiation by affecting the translation of myogenic genes. Abbreviation: ISR, integrated stress response; DELE1, DAP3 binding cell death enhancer-1; GCN2, general control non-derepressible 2; PKR, Double-stranded RNA-dependent protein kinase; PERK, PKR-like ER kinase; HRI, heme-regulated eIF2α kinase; eIf2α, eukaryotic translation initiation factor 2alpha; p-eIf2α, phosphorylation of eIf2α; ATF4, activating transcription factor 4; CHOP, C/EBP homologous protein; ATF5, activating transcription factor 5; UPRmt, mitochondrial unfolded protein response; DNAJA1, DnaJ homolog subfamily A member 1; HSP70, heat shock 70 protein; HSF1, heat shock factor 1; HtrA2, High-Temperature Requirement Protein A2; ClpP, caseinolytic protease P; MyHC, myosin heavy chain; MyoG, myogenin; MyoD, myoblast determination protein 1.
2.1.1 ISR and myogenic differentiation
ATF4 is considered to be a key regulator of the ISR, and it is also involved in the regulation of myogenic differentiation. During myogenic differentiation, the transcription factor c-Myc is thought to promote myoblast proliferation and hinder myoblast differentiation by regulating the expression of its target genes, miRNAs and lincRNAs (Luo et al., 2019). Recently Memme JM et al. (Memme et al., 2023) found that ATF4 can affect myotube formation via c-Myc and MyoD and also control mitochondrial biogenesis via the PPAR-gamma coactivator-1alpha (PGC-1α). In addition, Sestrin2 (SESN2) is thought to be a downstream gene of ATF4 and is involved in mitochondrial stress-induced ISR (Garaeva et al., 2016). Piochi LF et al. (Piochi et al., 2021) proposed a theoretically possible role for SESN2 during myogenic differentiation: after the onset of differentiation, an increase in SESN2 expression, which induces the activation of AMP-activated protein kinase (AMPK) and the upregulation of nuclear factor erythroid 2-related factor 2 (NRF2) transcriptional levels, could enhance the efficiency of differentiation through three pathways:a) promotion of mitophagy b) generation of antioxidant responses c) increase in mitochondrial biogenesis. Meanwhile, another article (Brearley et al., 2019) noted that mRNA transcript levels of ISR-related genes, including SESN2 and ATF5, showed a similar trend with MyoG, reaching a maximum after about 48 h of induced differentiation and then starting to decline. It is suggested that SESN2 and ATF5 may coordinate MyoG to play some roles in the differentiation of the mouse myoblast cell line C2C12, but experiments are still needed to further verify this.
CHOP is an important transcription factor regulating the ISR, and Alter J et al. (Alter and Bengal, 2011) demonstrated that CHOP can inhibit MyoD transcription to delay myoblast differentiation. Normally, CHOP expression is downregulated early in the differentiation of C2C12 cells. Upon knockdown of CHOP, the fusion index and differentiation rate of C2C12 cells were significantly increased. In contrast, overexpression of CHOP significantly delayed C2C12 cell differentiation, and the resulting result was caused by CHOP inhibition of MyoD. This suggests that downregulation of CHOP expression is required for the activation of the myogenic differentiation programme in C2C12 myoblasts.
Although no direct evidence for the involvement of ATF5 in myogenic differentiation was found, the differentiation effects of ATF5 for tissues such as bone, liver, brain and adipose were well characterised (Sears and Angelastro, 2017). This suggests that ATF5 has more potential roles in developmental and normal physiological processes, and may provide new research directions for exploring the regulatory mechanisms of myoblast proliferation and differentiation.
The effect of the OMA1-mediated DELE1-HRI axis on myogenic differentiation has not been reported in detail. Whether the OMA1-mediated DELE1-HRI axis is then a necessary pathway for the activation of the ISR-associated transcription factors ATF4, CHOP, and ATF5 involved in myogenic differentiation is worth exploring subsequently. Although, a direct effect of this signaling axis on myogenic differentiation was not seen, it was described in a study of mitochondrial myopathy. CHCHD10, a nuclear gene-encoded mitochondrial protein, is mainly situated in the mitochondrial intermembrane space (IMS) and, in conjunction with its homologue CHCHD2, has a vital function in preserving mitochondrial inner membrane integrity and electron transport chain (ETC) function (Jiang et al., 2022). Mutations in the CHCHD10 G58R gene can lead to mitochondrial myopathy. According to this study (Shammas et al., 2022), OMA1 is activated in response to misfolding of the CHCHD10 G58R protein. This activation triggers the ISR through the OMA1-DELE1-HRI signaling pathway, ultimately providing a protective effect that prolongs the survival of newborn infants with CHCHD10 G58R gene mutations. Given the correlation between mitochondrial myopathy and myogenic differentiation, this suggests that the OMA1-mediated DELE1-HRI axis may have an effect on myogenic differentiation.
2.2 UPRmt
UPRmt was discovered by Hoogenraad’s laboratory as early as 1996 (Martinus et al., 1996). As an adaptive intracellular stress mechanism, it primarily responds to stress signals by promoting the transcription of genes for nuclear DNA-encoded mitochondrial chaperone proteins and proteases in order to maintain mitochondrial proteostasis. Among them, mitochondrial chaperone proteins, which enable newly synthesised proteins to fold correctly and help misfolded proteins to restore their normal conformation, mainly include heat shock protein 70 (HSP70), heat shock protein 60 (HSP60), heat shock protein 10 (HSP10), and others. Whereas proteases are capable of degrading damaged proteins, the main ones include caseinolytic protease P (ClpP), YME1 Like 1 ATPase (YME1L1) and Lon protease 1 (LonP1) (Zhu et al., 2021).
How does UPRmt transmit information about mitochondrial misfolding stress (MMS) to the nucleus to exert its effects? A recent study by Sutandy FXR et al. (Sutandy et al., 2023) gave the explanation that MMS can lead to the accumulation of mitochondrial protein precursors in the cytosol (c-mtProt), while at the same time, MMS can contribute to the release of mitochondrial reactive oxygen species (mtROS) into the cytosol and oxidation of the HSP40 family protein DnaJ homolog subfamily A member 1 (DNAJA1). Subsequently, binding of HSP70 to oxidised DNAJA1 resulted in enhanced recruitment of HSP70 to c-mtProt. This process leads to a reduction in the binding of HSP70 to the conventional chaperone heat shock factor 1 (HSF1), and the released HSF1 translocates to the nucleus to activate ATF5 transcription, thereby triggering the anti-stress mechanism (Figure 1).
2.2.1 UPRmt and myogenic differentiation
ClpP is an important protease within the mitochondrial matrix involved in the initiation of UPRmt. ClpP expression is higher in skeletal muscle compared to other tissues (Bross et al., 1995). In C2C12 cells after ClpP knockdown (KD), Drp1 was upregulated, leading to altered mitochondrial morphology, while the ETC subunit protein expression level was reduced, attenuating the activity of the ETC complex and thus affecting mitochondrial respiration, suggesting that ClpP is essential for maintaining mitochondrial function in myoblasts (Deepa et al., 2016). In addition, treatment of ClpP KD C2C12 cells using doxycycline (UPRmt inducer) showed no upregulation of the UPRmt-associated protein Hsp60 in both the dosed and undosed groups, suggesting that ClpP is one of the major pathways for mitochondrial stress-induced activation of UPRmt. Moreover, in the experimental group of ClpP KD C2C12 cells, enhanced expression levels of PKR and phosphorylation of eIf2α (p-eIf2α) were also found, whereas the expression of myogenic differentiation-associated proteins, such as MyHC and MyoG, was not upregulated, suggesting that myogenic differentiation is significantly impaired when protein translation is inhibited (Deepa et al., 2016). The aforementioned findings indicate that ClpP has an impact on myogenic differentiation via UPRmt and also plays a role in regulating myogenic differentiation through ISR. This highlights the strong correlation between UPRmt and ISR.
HtrA2 is a protease located in the mitochondrial IMS that is involved in UPRmt to maintain mitochondrial homeostasis (Riar et al., 2017). Previously published results from our team (Sun et al., 2022) showed that inhibition of HtrA2 enzyme activity using UCF101 resulted in blocked differentiation of C2C12 myoblasts. Considering that the loss of HtrA2 enzyme activity-induced proteostasis imbalance and mitochondrial IMS stress are the main triggers of UPRmt, we hypothesised that UPRmt could be associated with impaired differentiation due to HtrA2 enzyme activity inhibition. To this end, C2C12 cells in the differentiated state were treated with UCF101, and Western blotting results showed upregulation of the expression of the UPRmt-related protein CHOP, the HSP family of molecular chaperones, and the LonP1 protein. This suggests that loss of HtrA2 enzyme activity activates UPRmt to inhibit the translation of myogenic differentiation-related proteins, resulting in blocked myogenic differentiation.
The effect of the mtROS/c-mtProt-driven DNAJA1-HSF1 axis on myoblast differentiation has not been reported in detail. However, relevant signaling molecules targeting this axis have been described. A study (Kim et al., 2018) indicated that mtROS rapidly increases during differentiation and that mtROS can activate the phosphatidylinositol three kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathway by inducing tensin homolog deleted on chromosome 10 (PTEN) oxidation. After activation, mTORC1 promotes phosphorylation at uncoordinated-51 like kinase 1 (ULK1) S317 and upregulates the expression of Atg protein, leading to autophagy and participating in the myogenic differentiation process. In addition, several studies have shown that heat shock proteins (HSPs) are involved in myogenic differentiation (Table 1). While muscle repair is significantly diminished in aged mice undergoing severe injury, aged mice overexpressing HSP70 reversed this outcome, which may be related to the promotion of myoblast fusion by HSP70 (McArdle et al., 2006; Thakur et al., 2020). HSPs are transcriptionally regulated by two members of the heat shock transcription factor family, HSF1 and heat shock factor 2 (HSF2), with HSF1 functioning primarily by responding to a variety of stressful environments, while HSF2 functions under non-stressful conditions such as differentiation and development (Santopolo et al., 2021). It has been shown (McArdle et al., 2006) that during myogenic differentiation, HSF1 levels increase significantly in the late stages, whereas HSF2 levels increase rapidly in the early stages and then return to normal levels. It is suggested that the early development and recombination of skeletal muscle cells is regulated by HSF2, and the ability of cells to respond to acute stress depends mainly on HSF1 and the UPRmt regulated by it.
TABLE 1 | Heat shock proteins (HSPs) are involved in myogenic differentiation.
[image: Table 1]In conclusion, both ISR and UPRmt are mitochondria-nuclear interactive regulatory responses, which can activate the same signaling molecules to exercise different signaling pathways (Roca-Portoles and Tait, 2021). Some literature indicates that in mammals, ISR is a prerequisite for the induction of UPRmt, as the expression of the three basic leucine zip (bZIP) transcription factors ATF4, CHOP, and ATF5 involved in UPRmt requires the activation of ISR (Rainbolt et al., 2013; Melber and Haynes, 2018; Anderson and Haynes, 2020). A typical example is arsenite-induced MSRs (Rainbolt et al., 2013), in which arsenite first activates the ISR and the transient phosphorylation of eIF2α leads to a reduction in Tim17A synthesis, which reduces the import efficiency of mitochondrial proteins and induces the expression of UPRmt-related genes. It has also been noted in the literature (Khan et al., 2017) that UPRmt is part of ISRmt. This interactive regulation at the level of front and back, whole and part, reflects the close connection between the two. Even though both are “saviours” of the cell against stress, myogenic differentiation is affected during differentiation, whether they are over-activated or inhibited (Figure 1). This is because the general translational decline caused by overactivation affects the expression of differentiation-related proteins, and overrepression weakens the ability of cells to withstand stress during differentiation. It is thus clear that the interactive effects between such signaling pathways induced by the stress response are extremely complex, and the mechanisms of their regulation on myogenic differentiation still need to be further explored.
3 THE ROLE OF MITOCHONDRIAL DYNAMICS IN REMODELING THE MITOCHONDRIAL NETWORK DURING MYOGENIC DIFFERENTIATION
3.1 Mitochondrial biogenesis
Mitochondrial biogenesis is the process of generating new mitochondria from existing mitochondria and is regulated by both the mitochondrial and nuclear genomes (Scarpulla, 2008). The peroxisome proliferator-activated receptor-gamma coactivator-1 (PGC-1) family includes three members, PGC-1α, PGC-1β and PGC related coactivator, of which PGC-1α is considered to be a master regulator of mitochondrial biogenesis, binding to and enhancing the activity of transcription factors such as NRF1/2, ERR alpha, etc., causing NRF1/2 to activate the expression of TFAM, TFB1M, TFB2M and a number of mitochondrial matrix proteins to drive the replication and transcription of mtDNA and its translation into proteins and ultimately assembly into new mitochondria (Scarpulla, 2008; Fernandez-Marcos and Auwerx, 2011).
3.1.1 Mitochondrial biogenesis and myogenic differentiation
The process of myogenic differentiation is accompanied by increased levels of mitochondrial biogenesis, resulting in an increase in the number and activity of mitochondria, enabling myoblasts to adapt to stressful conditions and increase cell viability (Fortini et al., 2016; Piochi et al., 2021). As a transcriptional co-activator, the role of PGC-1α in myogenic differentiation has been elucidated. PGC-1α serves a dual role in both triggering mitochondrial biogenesis to increase mitochondrial mass and buffering the expression of genes involved in mitophagy mediated by ROS/FOXO1 (Baldelli et al., 2014). This not only indicates that PGC-1α is an important integrating molecule for mitochondrial biogenesis and mitophagy, but also suggests that there is a close collaboration between mitochondrial biogenesis and mitophagy during myogenic differentiation. A study (Sin et al., 2016) showed that downregulating PGC-1α in C2C12 myoblasts increases ROS generation, causes mitochondrial damage, and leads to poor differentiation. In contrast, in vivo studies in mice, upregulation of PGC-1α expression alters MRFs and exhibits a positive protective effect on skeletal muscle regeneration by promoting myogenic differentiation (Washington et al., 2022). In addition, some important transcription factors, such as NRF1/2 and TFAM, have been found to show a trend of transcriptional upregulation during differentiation (Kraft et al., 2006; Remels et al., 2010), and NRF1 has been shown to mediate PGC-1β-induced mitochondrial biogenesis and activation of cellular respiration in conjunction with ERR alpha (Shao et al., 2010). So far, a number of studies have shown that activation of mitochondrial biogenesis-related signaling pathways can promote myogenic differentiation (Li et al., 2007; Barbieri et al., 2016; Lee and Choi, 2018; Niu et al., 2021; You et al., 2023). Thus, mitochondrial biogenesis plays an important role in myogenic differentiation.
3.2 Mitochondrial fusion and fission
Dynamic changes in mitochondria provide a wide range of benefits to mitochondria, including efficient transport, increased homogeneity of the mitochondrial population, and efficient oxidative phosphorylation. These benefits are achieved through mitochondrial fusion and fission, which control mitochondrial number, morphology, equitable inheritance of mitochondria, material exchange and maintenance of a high quality mitochondrial genome, as well as degradation of isolated bioenergetically inefficient mitochondria by mitophagy (Chan, 2020). Relevant molecules that mediate mitochondrial fusion and fission include mitofusin-1 (MFN1), mitofusin-2 (MFN2), optic atrophy 1 (OPA1), Drp1 and mitochondrial fission 1 (Fis1), signaling molecules that endow mitochondria with the ability to sense and respond to a variety of environmental conditions (Humphries et al., 2020).
3.2.1 Mitochondrial fusion and fission and myogenic differentiation
There is a link between mitochondrial dynamics and myogenic differentiation (Figure 2). In the early stages of muscle differentiation, mitochondrial fission is activated while fusion is inhibited, resulting in a loose mitochondrial network; in the later stages, the opposite occurs, resulting in a tight mitochondrial network (Huang et al., 2020). This fully reflects the adaptive response of mitochondrial fusion and fission activity to environmental changes during myogenic differentiation. It was recently shown (Luo et al., 2021) that the expression of MFN2 proteins involved in mitochondrial fusion is upregulated during myogenic differentiation, and that myoblasts isolated from MFN2-null mice exhibit abnormal mitochondrial respiration with elevated ROS. However, interestingly, these alterations do not negatively affect the proliferation and differentiation of myoblasts, which may be due to a potential compensatory function of MFN1 that prevents these alterations from affecting muscle development and regeneration (Luo et al., 2021). In conjunction with some existing work a) inhibition of dihydroorotate dehydrogenase (DHODH) activity increases MFN2 expression and promotes mitochondrial fusion via the pyrimidine de novo synthesis pathway (Miret-Casals et al., 2018) b) knockdown of MFN2 limits the synthesis and consumption of aspartate, a raw material for the pyrimidines de novo synthesis (Yao et al., 2019) c) DHODH is localised in the inner mitochondrial membrane and is linked to the respiratory chain via the coenzyme Q pool and is involved in oxidative phosphorylation (Boukalova et al., 2020) d) DHODH in skeletal muscle mitochondria can produce H2O2 directly or indirectly (Hey-Mogensen et al., 2014). This suggests that there may be a feedback mechanism for MFN2 knockout to affect DHODH activity through the pyrimidine de novo synthesis pathway. If so, can it be argued that the abnormal mitochondrial respiration and elevated ROS exhibited in MFN2-null cells may be caused by DHODH affecting the mitochondrial respiratory chain? Further work is needed to verify this. This further suggests the potential involvement of DHODH in myogenic differentiation through the regulation of MFN2-mediated mitochondrial fusion. In addition to MFN2, another key molecule of mitochondrial fusion, OPA1, has also been reported to have an effect on myogenic differentiation, and cells under oxidative stress induced by the application of tert-butylhydroperoxide (t-BHP) or FCCP treatments to C2C12 cells can inhibit myogenic differentiation by cleaving OPA1 to reduce MyHC expression (Wang et al., 2014).
[image: Figure 2]FIGURE 2 | Mitochondrial dynamics are involved in myogenic differentiation. Mitochondrial fission is a prerequisite for the occurrence of mitophagy, which inhibits apoptosis, and apoptosis in turn activates mitophagy. During myogenic differentiation, mitochondrial fission and mitophagy occur early, mitochondrial fusion and mitochondrial biogenesis occur in the middle and late stages, while apoptosis persists throughout differentiation, with a high level of apoptosis in the middle of differentiation.
The effect of mitochondrial fission activity on myogenic differentiation has been described. One study (Kim et al., 2013) noted that inhibition of Drp1 activity using Mdivi-1 impairs myogenic differentiation. Interestingly, another study (De Palma et al., 2010) pointed out that nitric oxide inhibition of Drp1-mediated mitochondrial fission is an essential step in the process of early myogenic differentiation, which seems to contradict the previous findings. Further studies are needed to fully explain this discrepancy. In addition, a study on muscle regeneration after frostbite (Wagatsuma et al., 2011) found that Fis1 expression was upregulated early in muscle regeneration, along with its concomitant upregulation of the myogenic differentiation-associated proteins MyoD and MyoG. This suggests that mitochondrial fission may not only regulate myogenic differentiation by affecting mitochondrial dynamics and morphological alterations, but also that mitochondrial fission-associated proteins may be involved as signaling molecules in regulating the expression of factors associated with myogenic differentiation. These findings re-emphasise that tight regulation of the activity of mitochondrial fusion and fission proteins and, more importantly, the maintenance of a dynamic balance between mitochondrial morphology and function are essential for the initiation and progression of myogenic differentiation.
3.3 Mitophagy
The concept of mitophagy was first formalised by Lemasters JJ in 2005 (Lemasters, 2005). When stress damage is severe, mitochondria signal that they can remove damaged mitochondria by mitophagy on their own, thus preventing further damage to the mitochondrial network caused by stress. Mitophagy is a degradation process that begins with the engulfment of mitochondria into a double-membrane structure known as an autophagosome, and finally completes the degradation after fusion with lysosomes (Picca et al., 2021). In general, mitophagy can be divided into the sequestosome-like receptor (SLR)-dependent mitophagy pathways mediated by PINK1 and the E3 ubiquitin ligase PRKN, and SLR-independent mitophagy pathways mediated by autophagy receptors, specific classes of lipids, and partial E3 ubiquitin ligases (Sun et al., 2021; Ganley and Simonsen, 2022).
3.3.1 Mitophagy and myogenic differentiation
McMillan EM et al. (McMillan and Quadrilatero, 2014) demonstrated for the first time that myogenic differentiation requires the involvement of autophagy, which prevents apoptosis generated during myogenic differentiation. Afterwards, some workers directed their research specifically to mitophagy to explore the link between mitophagy and myogenic differentiation. Sin J et al. (Sin et al., 2016) proposed that the shift in energy metabolism from glycolysis to oxidative phosphorylation during the differentiation of myoblasts to myotubes requires the involvement of mitophagy. Notably, Brown HMG et al. found that mitophagy is a transient phenomenon that is specifically upregulated only in the early stages of differentiation (Figure 2), whereas the overall cellular autophagic flux persists throughout the differentiation phase (Brown et al., 2021). Mitochondrial network remodeling is an important feature of myogenesis (Rahman and Quadrilatero, 2021). One study (Li et al., 2022) claimed that tetrandrine can inhibit myogenic differentiation by blocking autophagic flux leading to impaired mitochondrial network remodeling, which shows that autophagy-mediated mitochondrial network remodeling can also have an effect on myogenic differentiation. The impact of mitophagy on the entire myogenic differentiation event is profound, specifically regulating multiple aspects of mitochondrial network remodeling, oxidative stress, ER-associated stress, mitochondria-mediated apoptotic signaling that occur during differentiation (Baechler et al., 2019; Jiang et al., 2021).
(1) Impact of SLR-dependent mitophagy pathways on myogenic differentiation
PINK1, an important participant in mitophagy (Lazarou et al., 2015), has been shown to affect myoblast differentiation, and interfering with PINK1 using siRNAs in C2C12 cells leads to a decrease in the transcriptional level of MyoG (Baldelli et al., 2014). Similarly, PRKN, another important player in mitophagy, has now been shown to be recruited into mitochondria during early differentiation of C2C12 (Esteca et al., 2020), which supports the conclusion that mitophagy is involved in early myogenic differentiation as suggested by Sin J et al. (Sin et al., 2016). Importantly, PRKN deficiency results in myoblasts remaining in a proliferative state, delayed differentiation and even a reduction in myofiber area (Peker et al., 2018; Esteca et al., 2020); in contrast, overexpression of PRKN has been shown to increase muscle mass and strength in aged mice (Leduc-Gaudet et al., 2019). This suggests that PRKN is involved in the regulation of skeletal muscle growth and development. Moreover, Huang S et al. (Huang et al., 2020) found that LonP1 regulates mitochondrial network remodeling through the PINK1/PRKN-mediated mitophagy pathway to promote myogenic differentiation. This suggests that the regulatory role of Lonp1 on myogenic differentiation is not only limited to its role in UPRmt, but its role in mitophagy is also involved. It indicates that Lonp1 may be an integrated molecule of different MSRs during myogenic differentiation.
(2) Impact of SLR-independent mitophagy pathways on myogenic differentiation
Baechler BL et al. (Baechler et al., 2019) used CRISPR-Cas9 technology to construct a Bcl-2/adenovirus E1B 19 kDa interacting protein 3 (BNIP3)−/− C2C12 cell model, and the experimental results showed that knockout of BNIP3 impaired myogenic differentiation, which was associated with mitophagy defects. And supplementation of Insulin-like growth factor 1 could attenuate the impaired myogenic differentiation caused by defective mitophagy (Guan et al., 2022). Meanwhile, knockout of BNIP3 also caused increased caspase-3 and caspase-9 activities and DNA fragmentation, which could lead to apoptosis of myoblasts. Another mitophagy receptor, FUN14 domain containing 1 (FUNDC1), has not been found to have a direct correlation with myogenic differentiation but has been shown to be closely related to skeletal muscle mitochondrial function, and FUNDC1 deficiency leads to defects in mitophagy mediated by microtubule-associated protein light chain 3 (LC3), causing impaired skeletal muscle mitochondrial function (Fu et al., 2018). Of interest, FUNDC1 not only mediates mitophagy in skeletal muscle cells involved in the differentiation process, but also plays a role in the differentiation process of human cardiac progenitor cells (Lampert et al., 2019).
3.4 Apoptosis
Apoptosis is a conserved physiological mechanism responsible for eliminating dysfunctional, damaged or unwanted cells in order to precisely control cell numbers. The signaling pathway that initiates endogenous apoptosis is triggered by mitochondria, and key to the regulation and execution of this event is the B-cell lymphoma/leukaemia-2 (Bcl-2) family of proteins (Rosa et al., 2022). When confronted with stress stimuli such as DNA damage, cellular hypoxia, and cellular growth factor deficiency, cells can activate BH3-only proteins, which subsequently inhibit the Bcl-2 family of anti-apoptotic proteins, activate free Bax and Bak to form oligomers at the outer mitochondrial membrane, resulting in the outer mitochondrial membrane permeabilization (MOMP), and release cytochrome c (Cytc) into the cytoplasm to bind with apoptotic protease activator factor 1 (Apaf-1) to form apoptosomes, which activate the cascade of responses mediated by the caspase family proteins to induce apoptosis. MOMP also leads to the release of second mitochondria-derived activator of caspases (SMAC) and HtrA2 proteins, both of which inhibit the anti-apoptotic effects of the X-linked inhibitor of apoptosis protein (XIAP), thereby promoting caspase-independent apoptosis (Bock and Tait, 2020; Lee et al., 2022).
3.4.1 Apoptosis and myogenic differentiation
Apoptosis-related events (e.g., cytoskeletal reorganization (Qu et al., 1997), phosphatidylserine receptor expression (Hochreiter-Hufford et al., 2013)) are necessary for myogenic differentiation. However, either excessive or absent apoptosis affects myotube formation (Fernando et al., 2002), suggesting that the level of apoptosis must be tightly regulated during myogenic differentiation.
(1) Impact of Bcl-2 family-related members on myogenic differentiation Rahman FA et al. (Rahman and Quadrilatero, 2023) pointed out that in the early stage of myogenic differentiation, the local anti-apoptotic protein Bcl-2 levels in mitochondria rapidly increase, which may be related to the increased resistance of myoblasts to stressors produced during the initial differentiation process. The mitochondrial Bcl-2 inhibitor of transcription 1 (Bit1) was shown to be an essential mediator of muscle differentiation. Bit1-null mice exhibit a smaller muscle cross-sectional area, and primary myoblasts isolated from this model mice, with barely detectable Bcl-2, instead show higher caspase-3 activity and premature onset of myogenic differentiation (Griffiths et al., 2015). In addition to Bit1, Bcl-2 levels are regulated by mitogen-activated protein kinase (MAPK) signaling, and its effect on Bcl-2 is associated with skeletal muscle regeneration. For example, upregulation of Bcl-2 expression induced by MAP kinase phosphatase 5 (MKP-5) inhibition promotes the survival of regenerating myofibers (Min et al., 2017; Rahman and Quadrilatero, 2023). Another Bcl-2 family protein, B-Cell Lymphoma-extra-large (Bcl-xL), whose overexpression has the same effect on muscle differentiation as knockdown of caspase-9, inhibits myoblast fusion (Murray et al., 2008). In addition, the pro-apoptotic BH3-only protein BCL2 binding component 3 (BBC3/PUMA) appears transiently elevated 1 day after differentiation of C2C12 cells, with a concomitant increase in P53 (Rahman and Quadrilatero, 2023). Another study (Harford et al., 2017) noted that both MyoD and P53 bind to the BBC3 promoter when stimulated by differentiation conditions, and silencing MyoD prevents binding from occurring. These data demonstrate a complex link between the three and support an important role for Bcl-2 family-related members regulating mitochondrial apoptotic signaling during myogenic differentiation for effective differentiation and myofiber regeneration.
(2) Impact of the caspase family on myogenic differentiation Early work found that activation of caspase-3 was required for myoblast differentiation. Primary myoblasts isolated from caspase-3 null mice show normal proliferative capacity, however, after induction of differentiation, these cells continue to express cytokinin D1 (CCND1), resulting in an inability to exit the cell cycle and impaired differentiation (Fernando et al., 2002). Further subsequent studies demonstrated that caspase-3 activation during differentiation is caused by caspase-9 and found that knockdown of caspase-9 significantly affected caspase-3 activation and inhibited myoblast fusion (Murray et al., 2008). Cytc release is a key step in the activation of caspase-9, and indeed, myoblasts show Cytc release shortly after differentiation, accompanied by elevated caspase-9 activity (Rahman and Quadrilatero, 2023). C2C12 myoblasts after knockdown of Cytc using siRNA resulted in reduced apoptotic body formation, preventing caspase-9 and subsequent caspase-3 activation to reduce myotube formation (Dehkordi et al., 2020). Finally, caspase-2 and p21 have been found to be activated during the early stages of myogenic differentiation, which may underlie the proper cell cycle exit of myoblasts and the subsequent occurrence of differentiation (Boonstra et al., 2018).
In summary, myogenic differentiation is a highly dynamic and tightly coordinated process, with mitochondrial dynamic processes such as mitochondrial biogenesis, mitochondrial fission, fusion, mitophagy, and apoptosis running through the entire process of myogenic differentiation (Figure 2), which regulates the mass, structure, function and distribution of mitochondria. Myogenic differentiation coupled with metabolic reprogramming ultimately leads to an increase in mitochondrial mass and OXPHOS to support newly formed myotubes, which requires replacement of the original mitochondria of myoblasts (Rahman and Quadrilatero, 2021). Thus, mitochondrial fission and subsequent activation of mitophagy are critical processes in the early differentiation of myoblasts. Interestingly apoptosis activates mitophagy, which in turn inhibits apoptosis, thus maintaining the stability of myogenic differentiation (McMillan and Quadrilatero, 2014; Baechler et al., 2019; Jiang et al., 2021). After pre-existing mitochondria are removed, mitochondrial biogenesis and mitochondrial fusion drive the formation of a dense network of mitochondria to complement and sustain cellular energy metabolism (Sin et al., 2016; Rahman and Quadrilatero, 2021). All these results suggest that the individual stress responses during myogenic differentiation are not separate entities but an intricate network. In addition, it is worth noting that the mitochondrial dynamics processes associated with the above are regulated by Ca2+ signaling. For example, Ca2+ stimulates mitochondrial biogenesis (Yeh et al., 2005). Ca2+ can regulate mitochondrial fusion and fission homeostasis by mediating Drp1 phosphorylation or dephosphorylation (Cribbs and Strack, 2007; Cereghetti et al., 2008). Mitochondrial permeability transition pore (mPTP) opening is a crucial event in the induction of mitophagy and apoptosis, and Ca2+ overload is one of the key factors in inducing mPTP opening (Rimessi et al., 2013). Interestingly, the current study also found that Ca2+ and its associated signaling molecules are strongly associated with myogenic differentiation. Earlier studies have shown that myogenic differentiation is accompanied by transmembrane inward flow of extracellular Ca2+ and that lowering extracellular Ca2+ concentrations inhibits myoblast fusion (Adamo et al., 1976; Naro et al., 2003). Sun W et al. (Sun et al., 2017) proposed that intracellular Ca2+ may promote myogenic differentiation via the MLCK-MLC-myosin-actin pathway, a signaling pathway that mediates cytoskeletal dynamics. Meanwhile, some important molecules involved in the regulation of Ca2+ signaling, such as calcineurin, may be involved in the early process of myogenic differentiation by regulating nuclear factor of activated T cells 3(NFATc3) to promote MyHC expression (Delling et al., 2000); MyoG expression requires the activation of calmodulin-dependent protein kinase II (CaMII) (Terruzzi et al., 2017); S100 calcium binding protein B (S100B) is a chiral EF Ca2+-binding protein that is downregulated in the early stages of myogenic differentiation as an inhibitor of myogenic differentiation, whereas in the late stages S100B expression is upregulated and reduces apoptosis through activation of NF-κB (Tubaro et al., 2011). It remains to be elucidated whether Ca2+ can be involved in the regulation of myogenic differentiation by influencing mitochondrial dynamics.
4 CONCLUSION AND FUTURE PERSPECTIVES
During myogenesis, myoblasts go through several important stages: first, rapid proliferation, followed by exit from the cell cycle, then myogenic differentiation and finally cell fusion to form multinucleated myofibers. Here, we highlight the impact of stress responses related to mitochondrial-nuclear interaction regulation signals and mitochondrial dynamics on myogenic differentiation (Table 2), and we argue that moderate stress signals are required to support myogenic differentiation. At the same time we can see that in the last decades there has been a rapid growth in the understanding of mitochondrial biogenesis, mitochondrial fusion and fission, mitophagy and apoptosis related to mitochondrial dynamics in myogenic differentiation, whereas there is still a lack of understanding of ISR, UPRmt related to the regulation of mitochondrial-nuclear interactions. For example, rapid dephosphorylation of eIF2α occurs early in differentiation and the ISR is inhibited (Zismanov et al., 2016), whereas ATF5 expression is elevated during the same period, suggesting to some extent that the UPRmt is activated (Fiorese et al., 2016), and whether this phenomenon could indicate that the activation of the UPRmt is not dependent on the ISR under certain conditions, and that this link has been pointed out in several previous studies (Münch and Harper, 2016; Forsström et al., 2019; Sutandy et al., 2023). In addition, as mentioned previously, ATF5 has a potential role in development and normal physiology, suggesting that the way in which ATF5 is activated may not be limited to stress onset. Therefore, these outstanding issues still require our attention. Further, a common feature of MSRs and myogenic differentiation is that both require complex signaling cascades, suggesting that we also need to consider the role of organelles other than mitochondria in myogenic differentiation. Finally, it has been reported (Zismanov et al., 2016) that phosphorylation of eIF2α is a translational regulatory mechanism that regulates the quiescence and self-renewal of MuSCs, suggesting that myogenic differentiation is only one stage in the process of skeletal muscle regeneration and repair, and that the roles played by MSRs in the other stages of myogenesis need to be considered. These research gaps can be explored and analysed in depth in order to gain a comprehensive understanding of this knowledge and to provide theoretical support for the subsequent treatment of related muscle disorders.
TABLE 2 | Mechanisms of regulation of myogenic differentiation by MSRs-related molecules.
[image: Table 2]Experimental animal studies have shown that some drugs can improve the disease phenotype by activating MSRs with significant efficacy. For example, nicotinamide riboside (NR), as a precursor of NAD+, can be involved in maintaining mitochondrial proteostasis in amyotrophic lateral sclerosis (ALS) mice by activating the UPRmt to attenuate the associated neurodegenerative pathology (Zhou et al., 2020); and rapamycin, by activating mitophagy, can restore muscular endurance and improve muscular function in mitochondrial myopathy model mice (Civiletto et al., 2018). Given that mitochondrial dysfunction is a common feature of aging and chronic muscular dystrophy-associated diseases, future research efforts could look for effective targets at the level of MSRs and open new directions for therapeutic means of treatment of related diseases.
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Background: Mitochondrial health has gained attention in a number of diseases, both as an indicator of disease state and as a potential therapeutic target. The quality and amount of mitochondrial DNA (mtDNA) and RNA (mtRNA) can be important indicators of mitochondrial and cell health, but are difficult to measure in complex tissues.Methods: mtDNA and mtRNA in zebrafish retina samples were fluorescently labeled using RNAscope™ in situ hybridization, then mitochondria were stained using immunohistochemistry. Pretreatment with RNase was used for validation. Confocal images were collected and analyzed, and relative amounts of mtDNA and mtRNA were reported. Findings regarding mtDNA were confirmed using qPCR.Results: Signals from probes detecting mtDNA and mtRNA were localized to mitochondria, and were differentially sensitive to RNase. This labeling strategy allows for quantification of relative mtDNA and mtRNA levels in individual cells. As a demonstration of the method in a complex tissue, single photoreceptors in zebrafish retina were analyzed for mtDNA and mtRNA content. An increase in mtRNA but not mtDNA coincides with proliferation of mitochondria at night in cones. A similar trend was measured in rods.Discussion: Mitochondrial gene expression is an important component of cell adaptations to disease, stress, or aging. This method enables the study of mtDNA and mtRNA in single cells of an intact, complex tissue. The protocol presented here uses commercially-available tools, and is adaptable to a range of species and tissue types.Keywords: mitochondria, mtDNA, mtRNA, spatial biology, multiplex imaging, zebrafish, RNAscope, photoreceptor
1 INTRODUCTION
Mitochondria, organelles typically associated with energy production, are vital components of nearly all cells. In recent decades new mitochondrial roles have been uncovered, including initiation of cell death (Wang and Youle, 2009), maintenance of calcium (Rizzuto et al., 2012) and redox homeostases (Willems et al., 2015), metabolism of lipids (Houten and Wanders, 2010), and even guiding light in the eye (Ball et al., 2022). They have intricate relationships with the endoplasmic reticulum (Rowland and Voeltz, 2012) that are crucial to the function of neurons and other cells (Wu et al., 2017). Mitochondria are highly dynamic, moving along cytoskeletal networks (Barnhart, 2016), undergoing replication and quality control via fission and fusion (Youle and van der Bliek, 2012; Ni et al., 2015), and sometimes being ejected from cells (Nakajima et al., 2008; Lyamzaev et al., 2022).
Owing to their bacterial symbiont origin, mitochondria possess heterogeneous populations of mitochondrial DNA (mtDNA) that are distinct from genomic DNA (gDNA). The mitochondrial genome is a compact plasmid, with less than 17,000 base pairs encoding 13 critical components of the electron transport chain, plus mitochondrial ribosomal and transfer RNAs needed for translation (Mercer et al., 2011). mtDNA is transcribed into mitochondrial RNA (mtRNA) using a dedicated mtDNA polymerase, and mtRNA is translated into proteins using mitochondrial ribosomes. The remaining >99% of mitochondrial proteins are encoded by gDNA and imported.
Mitochondrial diseases arise from mutations in gDNA that affect mitochondrial proteins, or from mutations to mtDNA itself (Gorman et al., 2016). mtDNA mutations can be difficult to characterize due to the unique maternal inheritance of mitochondria and resulting heteroplasmy (St John et al., 2010). Additionally, certain diseases and aging can lead to aberrant mtDNA levels and mitochondrial dysfunction (Filograna et al., 2021; Sanchez-Contreras and Kennedy, 2022). Despite the importance of mtDNA homeostasis for cells, few tools exist for spatially quantifying mtDNA copy number and/or mtRNA amounts in specific cells of a complex tissue.
We employed in situ hybridization (ISH) using RNAscope™ probes (Wang et al., 2012) designed to report either mtDNA, or mtDNA and mtRNA. The strategy is similar to a published chromogenic assay (Chen et al., 2020), but allows for higher-resolution 3-D imaging and simultaneous protein detection using immunohistochemistry (IHC). As a proof of principle, we used this method to explore mtDNA and mtRNA levels in cone and rod photoreceptors during day and night in zebrafish. At night mtRNA but not mtDNA levels increase in both photoreceptor types, which corresponds to increases in mitochondrial number and activity in cones (Giarmarco et al., 2020). This method is adaptable to many species and tissue types; paired with super-resolution imaging and AI-assisted analysis it can quantitatively report mtDNA and mtRNA in individual cells of a complex tissue.
2 MATERIALS AND EQUIPMENT
2.1 Methods
2.1.1 Animals
Research was authorized by the University of Washington Institutional Animal Care and Use Committee. Wild-type AB Danio rerio were raised under standard conditions in the UW SLU Aquatics facility on a 14h/10 h light/dark cycle, with lights on at 9 a.m. Male and female fish were euthanized over an ice bath, followed by cervical dislocation and enucleation. For the 11 p.m. timepoint euthanasia and dissections were performed under infrared light with night vision goggles.
2.1.2 Tissue preparation
For histology, eyes were collected at 9 a.m. and 11 p.m. (4 animals per timepoint), pierced several times across the cornea with a needle, and the vitreous cavity was flushed with 4% paraformaldehyde fixative in phosphate buffered solution (PBS). Following overnight immersion in fixative at 4°C, eyes were rinsed in PBS, then bleached with 10% H2O2 in PBS overnight at 37°C to clarify the pigmented epithelium. Eyes were cryoprotected in 20% sucrose, the anterior halves dissected away, and eyecups were embedded and frozen in OCT cryomolds. Eyecups were cryosectioned at 20 μm onto slides that contained one section from each timepoint for parallel staining and analysis; slides were stored at −20°C.
For bulk genomic analysis, eyes were collected at 9 a.m. and 11 p.m. (4-5 animals per timepoint), and the retinas were isolated in PBS. Retinas were snap frozen in microfuge tubes over liquid nitrogen and stored at −80°C until DNA extraction.
2.1.3 Probe design
Three commercially-available ACD RNAscope™ probes were used. As a positive control, Dr-polr2a-C3 reported mRNA transcripts from a nuclear-encoded zebrafish housekeeping gene. As a negative control, 3-plex DapB reported transcripts from a bacterial gene. To explore mtDNA and mtRNA we used probes against the mitochondrial gene MT-ND5, which encodes a highly-conserved subunit of respiratory complex I and was identified by the manufacturer as a good candidate reporter. The “coding” probe Dr-MT-ND5 contains sequences antisense to the MT-ND5 gene, binding to regions of the noncoding (sense) mtDNA strand, and to MT-ND5 mtRNA transcripts.
To report mtDNA, we employed a strategy similar to one reported for chromogenic RNAscope™ with paraffin-embedded samples (Chen et al., 2020). The “noncoding” probe Dr-MT-ND5-sense-C3 was custom designed to contain sense sequences of the same mitochondrial gene; it binds regions of the coding (antisense) mtDNA strand. Antisense mtRNA transcripts from the noncoding strand of mtDNA are typically degraded (Pietras et al., 2018; Jedynak-Slyvka et al., 2021), so this probe reports primarily mtDNA.
2.1.4 In situ hybridization with RNAscope™
Sections were treated with the RNAscope™ Fluorescent Multiplex v2 kit. The standard protocol for fixed frozen sections was used including pretreatment, probe hybridization and fluorescent labelling, with the following modifications: 1) Target retrieval was reduced to 5 min 2) Protease III digestion was reduced to 15 min 3) Probe and dye concentrations were optimized to best visualize single molecules (see Table 2). 4) Following the final wash, sections were not mounted and instead immediately underwent IHC. Incubations were conducted in staining chambers in a standard incubator. MT-ND5 probes were conjugated to the fluorescent dye Opal™ 520 diluted in RNAscope™ TSA buffer. Polr2a (C3) and DapB (C2) control probes were conjugated to Opal™ 520 and Opal™ 570, respectively.
2.1.5 Enzymatic validation of probes
To verify specificity of mtDNA and mtRNA detection with the MT-ND5 probes, an additional incubation in either PBS or RNase A was performed. Following post-protease water washes and just prior to probe hybridization, sections were incubated 30 min at 37°C in either PBS or 50 μg/mL RNase A in PBS, followed by 3 water washes. This was followed by standard probe hybridization, fluorescent labelling, and IHC. Additional validation strategies are outlined in the Section 3.
2.1.6 Immunohistochemistry
Following RNAscope™, sections underwent IHC using a primary antibody against MTCO1 (a subunit of respiratory complex IV) to report mitochondrial volume. Sections were washed 3 times with PBS, blocked 1 h at room temperature (RT) with blocking buffer, and incubated overnight at RT with anti-MTCO1 diluted in blocking buffer. They were then washed 3 times with PBS, incubated 2 h at RT with Alexa Fluor™ 633-conjugated secondary antibodies and DAPI counterstain, washed 3 times with PBS, and mounted with Vectashield and a coverslip. Table 1 lists primary antibodies used in this study, along with others the authors have found to be compatible for multiplexing IHC with RNAscope™.
TABLE 1 | Materials and equipment. Primary antibodies suitable for multiplexing IHC with RNAscope™ in cryosections.
[image: Table 1]2.1.7 Imaging and image processing
Imaging was conducted using a Leica SP8 confocal microscope with a ×63 oil objective to capture single Z-stacks and Z-stack montages. LAS-X software was used for acquisition, and images were deconvolved using Leica Lightning in adaptive mode. Images were processed in ImageJ, where mitochondrial clusters of individual rods and short-wavelength cones were identified based on morphology and position in the retina (cyan and yellow boxes in Figure 2A). Single clusters were cropped out for quantification using the MTCO1 mitochondrial channel as a mask. Confocal images presented are maximum intensity projections over 12 µm tissue depth.
2.1.8 Quantification of probe signals
Mitochondrial clusters of rod photoreceptors were found to have well-resolved individual RNAscope™ MT-ND5 puncta. Single cluster Z-stacks (n = 3 cells per condition) were analyzed using the 3D Objects Counter plugin in ImageJ to report the number of puncta per cluster. MT-ND5 puntca in cone clusters were poorly resolved in areas due to very dense packing of mitochondria. Single cluster Z-stacks (n = 30 cells per standard timepoint, n = 12 cells per timepoint for RNase validation) were analyzed using the 3D Objects Counter plugin in ImageJ to instead report total puncta volume relative to overall mitochondrial volume measured using the MTCO1 channel. For both rods and cones, analysis was conducted blind to sample condition and timepoint. Mann-Whitney statistical tests were performed using Microsoft Excel with the Real Statistics resource pack.
2.1.9 DNA extraction and quantification using qPCR
DNA was isolated from frozen retinas (n = 3-4 animals per timepoint, each with three technical replicates) using an AllPrep DNA/RNA Mini Kit, then quality checked via spectrophotometer. mtDNA:gDNA ratios were determined using the qPCR 2−ΔΔCT method (Livak and Schmittgen, 2001) relative to the 9 a.m. timepoint. Mitochondrial-encoded NADH dehydrogenase 1 (mt-nd1) served as the mtDNA target and polg1 was the nuclear-encoded DNA target, a strategy reported previously in zebrafish (Artuso et al., 2012). Primer sequences for these targets are listed in Table 2. qPCR CT values were generated using extracted DNA on the 7500 Fast Real-Time PCR System and SYBR Green Real-Time PCR Master Mix. The number of mtDNA copies per cell was determined according to the following equation (Artuso et al., 2012):
[image: image]
TABLE 2 | Materials and Equipment.
[image: Table 2]3 RESULTS
3.1 Experimental design
The mitochondrial genome consists of a “heavy” coding strand, and a complementary “light” noncoding strand. During transcription mtRNA is generated from both strands; sense transcripts from the coding strand are processed and translated into proteins, transfer RNAs, and ribosomal RNAs (Pietras et al., 2018; Jedynak-Slyvka et al., 2021). mtRNA transcripts from the noncoding strand are typically degraded, except for a few transfer RNAs and one protein (Chomyn et al., 1986; Mercer et al., 2011).
Figure 1A depicts the strategy for separately labelling mtDNA and mtRNA transcripts using two RNAscope™ probes against each strand of the mitochondrial gene MT-ND5. For consistency in this manuscript, the “coding” MT-ND5 probe sequence is antisense, binding both mtRNA transcripts and the mtDNA light strand. The “noncoding” MT-ND5 probe sequence is sense, binding primarily to the mtDNA heavy strand.
[image: Figure 1]FIGURE 1 | (A) Simplified schematic of protein synthesis from mtDNA. mtRNA transcripts from the mtDNA coding strand are processed and translated into protein; transcripts from the noncoding strand are typically degraded. Accordingly, the RNAscope™ Dr-MT-ND5 “coding” probe reports both mtRNA and mtDNA, while the “noncoding” probe reports primarily mtDNA. (B) Workflow for mtDNA and mtRNA detection using RNAscope™ and IHC. RNAscope™ steps were carried out using the manufacturer’s protocol for the Fluorescent Multiplex v2 kit, with modifications listed in the methods section. (C) Images of zebrafish outer retina stained with a control probe against Polr2a nuclear-encoded mRNA, and a control probe against bacterial-encoded DapB mRNA. RNase treatment eliminates Polr2a mRNA signal.
3.2 Probe validation strategies
3.2.1 Enzymatic validation
To determine the relative contribution of RNA to probe signals, we employed an optional RNase incubation step prior to probe hybridization (Figure 1B). We used an RNAscope™ positive control probe against messenger RNA (mRNA) transcripts from the nuclear-encoded housekeeping gene Polr2a, and a negative control probe against mRNA transcripts from the bacterial gene DapB. In zebrafish retina sections, the Polr2a probe labeled puncta around nuclei that were absent with RNase pretreatment; no puncta were visible with the DapB probe (Figure 1C).
Further enzymatic validation using DNase to digest mtDNA has been reported for paraffin sections (Chen et al., 2020). We attempted this repeatedly with fixed frozen retina sections but results were difficult to interpret, as DNases removed most of the RNA signal from the positive control mRNA probe. One explanation is that structural damage to the tissue from DNase is more severe in fixed frozen sections, causing RNA to float away before probe hybridization. This is an important control that could be successful in other tissues, but likely necessitates paraffin sections.
3.2.2 ISH and IHC multiplexing
To confirm that MT-ND5 probe signals were localized to mitochondria, we expanded the RNAscope™ procedure to include subsequent immunolabelling (Figure 1B). The pretreatment conditions required for RNAscope™ destroyed antigenicity of some primary antibody targets, while antigenicity was unaffected or improved for others. Table 1 lists primary antibodies we have used to successfully immunolabel various cell structures following ISH in zebrafish, macaque, or human tissue cryosections.
A primary antibody against MTCO1, a subunit of respiratory complex IV, displayed a robust mitochondrial staining pattern (Figure 1C, second row) following ISH that is typical of zebrafish retina stained using conventional IHC (Giarmarco et al., 2020). When ISH against MT-ND5 and IHC against MTCO1 were multiplexed, signals from coding and noncoding probes were confined to mitochondria (Figure 2A), demonstrating that the MT-ND5 probes are not binding off-target nuclear-encoded genes. Mitochondria in zebrafish photoreceptors are tightly packed and do not immunolabel uniformly (see U-shaped structures in Figure 1C, second row), but IHC is still useful for broad morphometrics like cluster size and outline.
[image: Figure 2]FIGURE 2 | (A) Images of zebrafish outer retina showing signals from RNAscope™ MT-ND5 coding and noncoding probes. Cyan and yellow boxes indicate respective locations of rod and cone mitochondrial clusters used for quantification. RNase was used to determine signal contributions of RNA for each probe. All sections were counterstained for nuclei and mitochondria via IHC. Green–probe (ISH), magenta–mitochondria (IHC), blue–nuclei. (B) Workflow for quantification of MT-ND5 probe signals as either puncta counts or percent of mitochondrial volume. (C) Quantification of signals from coding and noncoding probes, including RNase conditions. Error bars represent standard error of the mean; p values determined using a Mann-Whitney test.
Immunolabelling with antibodies against dsRNA or dsDNA is also useful for validation of mitochondrial probes. We did not employ this method in our samples because IHC quantification is confounded by limitations with antibody penetration. However, dual labeling with RNAscope™ and anti-dsRNA has been reported for cultured primate cells (Liu et al., 2018).
3.2.3 Bulk analysis
Given the difficulty using DNase as a control for RNAscope TM superscript on cryosections, bulk analysis using quantitative PCR (qPCR) can be used to confirm findings about mtDNA. By comparing the number of mitochondrial and nuclear genomes in a sample, mtDNA copy number per cell can be calculated (Artuso et al., 2012). While cell-specific information is lost, patterns in mtDNA copy numbers found using RNAscope TM superscript should be consistent with observations made using qPCR. We demonstrate validation using qPCR in a proof-of-principle experiment below (Figure 3C).
[image: Figure 3]FIGURE 3 | (A) Sample images of zebrafish photoreceptor mitochondrial clusters from 9 a.m. to 11 p.m. labeled with RNAscope™ MT-ND5 coding or noncoding probes. RNase was used to determine signal contributions of RNA for each probe. All sections were counterstained for nuclei and mitochondria via IHC. Cyan arrowheads and yellow arrows indicate examples of single rod and cone mitochondrial clusters used for quantification, respectively. Green–probe (ISH), magenta–mitochondria (IHC), blue–nuclei. (B) Quantification of signals from coding and noncoding probes at 9 a.m. and 11 p.m., including RNase conditions. (C) Ratios of mtDNA to gDNA measured using RT-qPCR from whole zebrafish retinas at 9 a.m. and 11 p.m.. For all graphs, error bars represent standard error of the mean; p values determined using a Mann-Whitney test.
3.3 Quantification of mtDNA and mtRNA
As a demonstration of the multiplex labeling strategy, we sought to quantify mitochondrial RNAscope™ signals in photoreceptors of zebrafish retina, where mitochondria are concentrated in a dense cluster. We employed two strategies for quantification, outlined in Figure 2B.
For rods, quantification of MT-ND5 signals was straightforward. Individual puncta within a cluster were well resolved, and we used the 3D Object Counter plugin for ImageJ to report the number of puncta per cluster. For cones, quantification was limited by the dense packing of cone mitochondria, and the resolution of our microscope. Despite careful titration of MT-ND5 probes and their conjugated dyes, we could not reliably resolve individual puncta in all areas of a cluster. Instead, we used the 3D Objects Counter plugin for ImageJ to report probe volume as a percentage of overall cluster volume determined from IHC.
RNase pretreatment modestly reduced signal from the coding probe but not the noncoding probe (Figure 2C). Insensitivity of the noncoding probe to RNase confirms that it does not appreciably bind mtRNA.
3.4 Demonstration quantifying mtDNA and mtRNA in photoreceptors
Mitochondrial dynamics in rod photoreceptors are not well characterized, but cone clusters undergo daily remodeling. Their mitochondria are smaller and more numerous at night (Giarmarco et al., 2020) when energy demands are highest (Okawa et al., 2008), and it is not known how mtDNA and mtRNA change. In retina samples collected during the day (9 a.m.) and at night (11 p.m.), both MT-ND5 probes yielded robust signal in rod and cone mitochondrial clusters (Figure 3A). A subset of these samples was pretreated with RNase to determine the relative contribution of mtRNA to MT-ND5 signals.
Figure 3B summarizes the analyses of MT-ND5 coding and noncoding probe signals. Only the coding probe was significantly sensitive to RNase pretreatment (solid v. hashed bars), confirmation that the noncoding probe primarily reports mtDNA. In rods, the number of coding probe puncta increased 35% between 9 a.m. and 11 p.m., and noncoding puncta were not significantly different. A similar pattern was observed in cones, where volume of the coding probe increased 45% between 9 a.m. and 11 p.m., but noncoding probe volumes were unchanged.
Given the increase in mitochondrial number previously reported at night, we were surprised to find no change in mtDNA levels using the MT-ND5 noncoding probe. We further validated this finding by performing qPCR to report relative mtDNA copy number in whole retinal homogenates collected at 9 a.m. and 11 p.m.. Ratios of mtDNA:gDNA determined via qPCR were not significantly different between 9 a.m. and 11 p.m. (Figure 3C), consistent with observations made using RNAscope™.
Together this suggests that a burst of mitochondrial transcription, evidenced by increases in coding probe signal, could support a larger population of mitochondria at night in cones. Overall mtDNA levels remain unchanged, indicating that either existing mitochondrial genomes are simply divided among the growing population, and/or that some amount of mtDNA turnover is occurring. Alternately, it is possible that mtDNA levels rise at a timepoint that was not measured in this study.
4 DISCUSSION
We present a method for spatial quantification of mtDNA and mtRNA in fixed frozen tissue sections. It employs a dual-probe strategy for RNAscope™ ISH similar to a published method in paraffin sections (Chen et al., 2020), coupled with IHC for unambiguous labeling of mitochondria. The protocol uses commercially-available reagents, can be carried out over 2–3 days, and is broadly adaptable to many species and tissues. It will enable researchers to characterize mitochondrial gene expression in single cells, and understand the mitochondrial adaptations that occur during disease, stress and aging.
Conventional methods for measuring mtDNA and mtRNA such as RT-qPCR often require tissue homogenization, which presents challenges to studying specific cells. In the example of the retina, photoreceptors are just part of a tissue comprised of around 100 cell types, making it difficult to discern their contribution to changes in mitochondrial gene expression above the retinal milieu. Recent advances in single-cell RNA sequencing have enabled the study of mtDNA in retinal cell subpopulations (Liu et al., 2022), but some neuron types are not represented. Further, tissue digestion and cell sorting conditions can induce stress-related changes to gene expression (Denisenko et al., 2020).
This method has several advantages over chromogenic ISH and bulk nucleotide analyses. In addition to preserving cells morphologically in their native microenvironment, rapid fixation of tissue for histology reduces risk of stress-related gene expression changes that occur during tissue dissociation. Multiplexing ISH with IHC enables counterstaining of mitochondria or other cell-identifying markers, making for unambiguous quantification of ISH signals. We found several primary antibodies suitable for ISH and IHC multiplexing (Table 1). Lastly, the high resolution afforded by confocal microscopy allows for visualization of single mtDNA or mtRNA molecules in 3-D, and subsequent quantification.
RNAscope™ is a versatile platform amenable to many species and tissue types, and the design of double Z probe sets enables accurate target labelling with virtually no off-target binding (Wang et al., 2012). We present a simple RNAscope™ application, but depending on the kit and sample, it can be used to visualize up to 48 targets. Its application in the study of mtDNA and mtRNA is somewhat recent but gaining popularity (Blumental-Perry et al., 2020; Lee et al., 2023; Sriram et al., 2024).
Following careful biostatistics-aided probe selection, additional validation steps are critical. Antibodies detecting mitochondrial proteins and dsDNA are useful to this end, and probes targeting several mitochondrial genes would also help validate results. In the case of the zebrafish MT-ND5 probes, RNase pretreatment confirmed that the coding probe reports mtDNA and mtRNA, while the noncoding probe reports primarily mtDNA. We attempted pretreatment with DNase as additional enzymatic validation, but it was not compatible with RNAscope™ on fixed frozen sections. We relied on qPCR comparing total amounts of gDNA and mtDNA as confirmation of our results.
In an example analysis of mtDNA and mtRNA in zebrafish photoreceptors, mtRNA levels increased 35%–45% between 9 a.m. and 11 p.m., a finding consistent with cone mitochondrial proliferation (Giarmarco et al., 2020) and increased photoreceptor energy consumption at night (Okawa et al., 2008). Interestingly mtDNA levels remained stable, highlighting the complicated nature of mitochondrial gene expression. It is possible that daily turnover of mitochondrial genomes keeps mtDNA levels stable, as cycles of mtRNA expression and degradation support changes to the mitochondrial population. This supports the idea that increases in cone mitochondrial number are driven primarily by increased gene expression, rather than a net increase in mtDNA copy number.
While our example analysis uncovered significant differences in mtRNA levels, there are limitations to quantification depending on the cell type and mitochondrial organization. In zebrafish rods, mitochondria are large and reside in a small cluster. mtDNA and mtRNA molecules were clearly resolved within rod clusters, making quantification straightforward. In contrast, cones have hundreds of smaller mitochondria concentrated in a dense cluster, and mtDNA and mtRNA molecules are very crowded. In such cases, it is important to titrate the concentrations of probe and fluorescent dye to best achieve individual puncta; even then we were unable to resolve individual puncta across the entire cone cluster. Reporting volume fractions was an effective strategy for demonstration of the method, however counts of individual puncta are most accurate. This could be achieved by utilizing super-resolution imaging (Liu and Rask-Andersen, 2022), and/or deploying machine learning analysis tools (Burkert et al., 2023).
Probe selection is an important consideration when using RNAscope™ to report mtDNA and mtRNA. We selected the MT-ND5 gene based on success with the commercially available MT-ND5 coding probe for zebrafish, and had the MT-ND5 noncoding probe custom designed by the manufacturer and their bioinformatics team. Because both probes target the same gene, they likely contain complementary sequences that would bind each other in solution when attempting to duplex both probes. Indeed, our attempts at duplexing coding and noncoding probes were difficult to interpret, despite tandem hybridization steps and labelling with spectrally separate dyes. To successfully duplex coding and noncoding probes on the same section, two different mitochondrial genes would need to be targeted.
Another factor to keep in mind when interpreting results from this method is probe affinity. In our example of zebrafish cones, 3-D electron microscopy in a previous study found ∼180 mitochondria per cluster at 9 a.m. In a few instances where RNAscope™ mtDNA puncta in a cluster were resolved well enough for counting using 3-D segmentation and manual counting, we found roughly half that number of mtDNA molecules. While it is possible that some mitochondria in this system lack a genome, another explanation is that the probe did not bind every mitochondrial genome. Coding and noncoding probes may not have the same affinity for their target sequences, so it is important to include enzymatic validation, use several probes, and exercise caution when making direct numerical comparisons.
In conclusion, we have optimized a method of multiplexed ISH and IHC that can detect mtDNA and mtRNA at single molecule resolution. Using machine learning and super resolution imaging strategies, this method holds promise for precisely quantifying determinants of mitochondrial health, such as mtDNA copy number and gene expression. This spatial information can address new questions about mitochondrial biology at the level of an individual mitochondrion, in different locations within a cell or tissue, or in particular stages of the mitochondrial life cycle.
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Pal ter NAFLD (n = 27) Control (n

Gender (Male/Female) (11/16) (2/8)

Age (year) 43.19 +9.60 3800 + 8.96 0.143

Body Mass Index (kg/m2) 4421 £ 9.90 2690 + 2.56 <0.001°
Systolic blood pressure (mmHg) 120.37 £ 1037 1150 £ 7.07 0.141

Diastolic blood pressure (mmHg) 75.07 £ 599 | 7400 £ 5.16 0.620

LDL-Cholesterol (mmol/L) 100.14 £ 3259 11050 + 24.36 0.381

HDL-Cholesterol (mmol/L) 46.04 +9.70 5480 £ 6.07 0.012

Triglycerides (mmol/L) 193.0 + 8027 1298 £ 36.13 0.023

Total Cholesterol (mmol/L) 187.85 + 29.87 188.3 £ 28.04 0.967

FBS (mmol/L) 112.30 + 2894 1151 £ 3472 0.806

ALT (U/L) 3865 +23.72 1600 + 3.80 <0.001°
AST (UL) 25.68 + 1224 17.30 £ 1.57 0.002*

ALP (U/L) 18974 + 6538 17550 + 34.86 0519

p values were computed by t-test.

Abbreviations: FBS: fasting blood glucose; HDL: high-density lipoprotein; LDL: low-density lipoprotein; ALT: Alanine transaminase, AST: Aspartate Aminotransferase, ALP: Alkaline
Phosphatase Test.

‘Statistically significant.

*Values are presented as mean+SD, or median (interquartile range).
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Notes, concentrations

Phosphate buffered solution (PBS) in-house 0.14 M phosphate buffer in water, pH 7.4
16% paraformaldehyde solution ‘ThermoFisher, #043368.9M 4% in PBS
30% hydrogen peroxide solution MilliporeSigma, #HX0640 10% in PBS

20% sucrose solution

Optimal Cutting Temperature (OCT)
compound

Cryomolds (10 mm x 10 mm x 5 mm)
SuperFrost Plus Gold slides

Cryostat

Hybridization Incubator

Slide moisture chamber, black

in-house

VWR, #4583

VWR, #4565
‘ThermoFisher, #15-188-48
Leica Biosystems, #CM1850
Robbins Scientific, #310

Newcomer Supply, #68432A

20% wiv sucrose in PBS

Probe Dr-polr2a-C3

Probe 3-plex DapB.

ACD Bio, #559921

ACD Bio, #320871

1:50 in probe diluent

neat

Probe Dr-MT-ND5

Probe Dr-MT-ND5-sense-C3
Probe diluent

Fluorescent Multiplex v2 kit
TSA buffer

Opal™ 520 dye

ACD Bio, #574591
ACD Bio, #1204141
ACD Bio, #300041
ACD Bio, #323100
ACD Bio, #322809

Akoya Biosciences, #FP1487001KT

0.5X in probe diluent

1:75 in probe diluent

1:1,000 for polr2a probe; 1:1,800 for MT-ND5 probes in TSA buffer

Opal™ 570 dye
Monarch RNase A

Blocking buffer

Akoya Biosciences, #FP1488001KT
New England Biolabs, #T3018-2

in-house

1:1,000 for DapB probe in TSA buffer

50 pg/mL (1:400) in PBS

5% normal donkey serum, 1 mg/mL bovine serum albumin, 1%

Triton X-100 in PBS

Mouse anti-MTCO1

Goat anti-mouse IgG, Alexa Fluor™
633 conjugate

Abcam, #ab14705; RRID:AB_2084810

‘ThermoFisher, #A21053

1:1,000 in blocking buffer

1:500 in blocking buffer

DAPL
Vectashield Vibrance

Leica SP8 confocal microscope with
LAS-X

FIJI (Image])

3D Objects Counter Plugin

AllPrep DNA/RNA Mini Kit
NanoDrop™ spectrophotometer
Fast Real-Time PCR System

DEPC-treated water

Zebrafish polgl primer set

Zebrafish mt-ndl primer set

SYBR Green Real-Time PCR Master
Mix (2X)

Microscoft Excel with Real Statistics
resource pack

Invitrogen, ¥D1306
Vector labs, #H1700

Leica Microsystems

hitps://fjisc/ (Schindelin et al., 2012)

hitps://imagej net/plugins/3d-objects-counter (Bolte and

Cordelieres, 2006)

Qiagen, #80204
‘ThermoFisher, #ND-2000C
Applied Biosystems, #7500
‘ThermoFisher, # R0601

Integrated DNA Technologies

Integrated DNA Technologies

Applied Biosystems, # 4309155

Microsoft, Real Statistics

1:1,000 in blocking buffer

(F) GAGAGCGTCTATAAGGAGTAC

(R) GAGCTCATCAGAAACAGGACT
(F) AGCCTACGCCGTACCAGTATT
(R) GTTTCACGCCATCAGCTACTG

1X in DEPC-treated water
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Tissue species Structure labeled Supplier Catalog # RRID IHC dilutiol

Any Transgenic GEP GFP Abcam 13970 RRIDAB_300798 1:5,000
Zebrafish Mitochondria MTCOL Abcam ab14705 ‘ RRID:AB_2084810 1:1,000
Zebrafish Mitochondria Citrate synthetase Abcam ab96600 ‘ RRID:AB_10678258 1:500
Macaque Neuron cytosol Calbindin Sigma-Aldrich C8666 ‘ RRID:AB_10013380 1:1,000
Macaque Synapses GAD6 Towa Hybridoma Bank GAD6 | RRID:AB 528264 1:1,000
Human ‘Tight junctions 20-1 ‘ThermoFisher 40-2,200 ‘ RRID:AB_2533456 1:100
Human Collagen COLVI Abcam ab6588 ‘ RRID:AB_305585 1250
Human Plasma membrane CDi6 Bio-Rad MCA2113 ‘ RRID:AB_323983 1:100
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Ischemia/ Hypertension Atherosclerosis Cardiac Diabetic Genetic Kawasaki disease

Reperfusion hypertrophy/  cardiomyopathy  cardiomyopathies
heart failure

® Mitochondrial | ® Decreased © Increased © Decreased ® Increased FA in © mtDNA mutations in | @ Increased
fragmentation endotheliall NO | mitochondrial mitochondrial cardiomyocytes genes encoding for NLRP3 inflammasome
levels permeability mass subunits of assembly activation and 1L1-p
factors Complex I, II production
orIv
® Loss of ® Elevated ® Elevated mtROS ® Low ATP ® Elevated mtROS ® Impaired NADH- ® Impaired clearance of
mitochondrial oxidative stress production production linked respiration damaged
membrane and mtROS ‘mitochondria in vivo
potential
© Low ATP ® ETC © NLRP3 inflammasome  ® Mitochondrial | e Increased IMM o Downregulation in | ® Decreased expression
production dysfunction formation and impaired fragmentation potential and expression of genes of autophagy-
‘mitophagy oxidative damage related to ATP ‘mitophagy related
synthesis genes
® Increased ® Enhanced ® Accumulation of ® Reduced ETC | ® Impaired ® Downregulation in |  Increased platelet
‘mitochondrial mitophagy damaged mitochondria Complex I and mitochondrial ‘mitochondrial mass subpopulations with
membrane during Ang-11 1V activity dynamics and and ETC super- different
permeability induced model mitophagy complex formation ‘mitochondrial
as protective membrane potentials
mechanism
® Ca* fluxinto | ® Reduced o Impaired © ETC dysfunction | ® Dysregulated Ca®*
mitochondria mitochondrial mtDNA signaling
size replication
® Increased
mtROS
© Impaired
mitophagy

mIRES, mitodiendial reaciire oxyp apecies HIL -destron feanapost:d

'mtDNA, mitochondrial DNA; FA, fatty acid; IMM, inner mitochondrial membrane.
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Species  Pathophysiological Signaling Altered MSCs Injured lung References

factor
In Human | oxidative stress/mitochondrial | PINKI stanniocalcin-1 | | electron transport chain | disruption of lung Mobius et al. (2019);
vitro dysfunction complex-IV activity, basal | development Hazra et al. (2022)

and maximal oxygen
consumption rates, spare
respiratory capacity, and
ATP-linked OCR

1 proton leak

1 mitophagy [MSC number

Human | aberrant angiogenesis SOX-2 and OCT-4 1 MSC number lexpression | | alveolar development and  Mabius et al. (2019)
of VEGF, FGF-10, and repair |lung vascularization
angiogenin

Human aberrant angiogenesis SHH | expression of | capillary density White et al. (2007);
proangiogenic genes FGF-9 Kwon et al. (2014)
and IL-6

Human | Inflammation FoxFl, Wntsa, and | T release of pro- 1 inflammation T fibrosis ~ Bozyk et al. (2011)

Tox3 inflammatory cytokines

CXCLL, IL-6, and IL-8

| CXCL1/GRO-a and HGF

Human Inflammation NFkB 1 Pro-inflammatory 1 inflammation Reicherzer et al. (2018)
cytokines TNF-q, IL-1p, IL-6,
and IL-8
IMSCs number
I Rat aberrant angiogenesis Semaphorins 3A 1 expression of FGF10 1 capillary density Collins et al. (2018)
vivo and 3E
Mouse Inflammation TGF-p 1 MSCs apoptosis IMSCs | 1 monocytes/macrophages | Ehrhardt et al. (2016)
number and neutrophils

TIL-1B, CXCL1, and MCP-1
1 impaired alveolar structure

BPD, bronchopulmonary dysplasia; MSCs, mesenchymal stromal/stem cells; PINK1, PTEN-induced putative kinase 1; ATP, adenosine triphosphate; OCR, oxygen consumption rate; SOX-2,
SRY-box2; OCT-4, Octamer-binding transcription factor 4; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; SHH, sonic hedgehog; IL, interleukin; Tbx3, T-box
transcription factor3; CXCLI, C-X-C motif chemokine ligand 1; GRO-a, growth-related oncogene-a; HGF, hepatocyte growth factor; NFB, Nuclear factor kappa B, TNF-a, tumor necrosis
factor-a; TGE-B, transforming growth factor-B; MCP-1, monocyte chemoattractant protein-1.
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Clinical trials
number

Study title

Status

Administration
methods

Interventions

hMSCs | NCT03683953 | 1 ‘The Treatment of Bronchopulmonary | unknown | Parallel intratracheal 25 million cells/kg
Dysplasia by Intratracheal Instillation Assignment | administration
of Mesenchymal Stem Cells Normal saline without
hUCB-MSCs
hMSCs | NCT02443961 | 1 Mesenchymal Stem Cell Therapy for | completed | Single Group | N/A 3 doses of 5 million MSC
Bronchopulmonary Dysplasia in
Preterm Babies
hUC-  NCTo4062136 | I Unmbilical Cord Mesenchymal Stem | unknown | Single Group | intravenous infusion | 1 million cells per body kg
MSCs Cells Transplantation in the
Treatment of Bronchopulmonary
Dysplasia
hUC-  NCT03558334 | I Human Mesenchymal Stem Cells For | unknown | Parallel intravenous infusion  Dose A- 1 million cells per
MSCs Bronchopulmonary Dysplasia Assignment body kg; Dose B- 5 million
cells per body kg
No intravenous infusion of
hUC-MSCs
hUC-  NCT03601416 | II Human Mesenchymal Stem Cells For | unknown | Parallel intravenous infusion | Dose A- 1 million cells per
MSCs Moderate and Severe Assignment body kg; Dose B- 5 million
Bronchopulmonary Dysplasia cells per body kg
No intravenous infusion of
hUC-MSCs
hUC-  NCT03631420 | I Mesenchymal Stem Cells for recruiting | Single Group | N/A Cohort 1: 3 million cells/kg;
MSCs Prevention of Bronchopulmonary Cohort 2: 10 million cells/kg;
Cohort 3 : 30 million cells/kg
hUC-  NCT03873506 | I Follow-Up Study of Mesenchymal unknown | Single Group | intravenous infusion | Dose A- 1 million cells per
MSCs Stem Cells for Bronchopulmonary body kg; Dose B- 5 million
Dysplasia cells per body kg
hUC-  NCT03645525 | Ul Intratracheal Umbilical Cord-derived | recruiting | Parallel Single intratracheal 2 x 107/kg per body kg
MSCs Mesenchymal Stem Cell for the Assignment | administration
Treatment of Bronchopulmonary Saline without hUC-MSCs
Dysplasia (BPD)
hUC-  NCT02381366 | VIl Safety and Efficacy of completed | Single Group | N/A Dose A: 10 million cells per
MSCs PNEUMOSTEM in Premature kg; Dose B: 20 million cells
Infants at High Risk for per kg
Bronchopulmonary Dysplasia (BPD) -
a US Study
hUC-  NCT03774537 | Ul Human Mesenchymal Stem Cells For | unknown | Parallel intravenous infusion | Dose A- 1 million cells per kg
MSCs Infants At High Risk For Assignment Dose B- 5 million cells per kg
Bronchopulmonary Dysplasia
No intravenous infusion of
hUC-MSCs
hUC-  NCT01207869 | I Intratracheal Umbilical Cord-derived | unknown | Parallel Single intratracheal 3 x 106 cells per kg
MSCs Mesenchymal Stem Cells for Severe Assignment | administration
Bronchopulmonary Dysplasia Normal saline without
hUCB-MSCs
hCT- NCT04255147 | 1 Cellular Therapy for Extreme Preterm | recruiting | Single Group | intravenous infusion | 1 million cells/body kg;
MSCs Infants at Risk of Developing 3 million cells/body kg;
Bronchopulmonary Dysplasia 10 million cells/body kg
hUCB-  NCT01297205 | I Safety and Efficacy Evaluation of completed | Single Group | Single intratracheal Dose A- 10 million cells per
MSCs PNEUMOSTEM® Treatment in administration kg; Dose B- 20 million cells
Premature Infants With per kg
Bronchopulmonary Dysplasia
hUCB-  NCT01632475 | 1 Follow-Up Study of Safety and Efficacy | active, not | Single Group | Single intratracheal Low Dose Group: 1.0 x
MSCs of Pneumostem” in Premature Infants | recruiting administration 107 cells/kg; High Dose
With Bronchopulmonary Dysplasia Group: 2.0 x 107 cells/kg
hUCB-  NCT04003857 | Il Follow-up Study of Safety and Efficacy | recruiting | Parallel Single intratracheal 10 % 107 cells/kg
MSCs in Subjects Who Completed Assignment | administration
PNEUMOSTEM" Phase II (MP-CR- Saline without hUC-MSCs
012) Clinical Trial
hUCB-  NCTo1828957 | Il Efficacy and Safety Evaluation of completed | Parallel Single intratracheal 10 % 107 cells/kg
MSCs Preumostem” Versus a Control Group Assignment | administration
for Treatment of BPD in Premature Normal saline without
Infants hUCB-MSCs
hUCB-  NCTO1897987 | Il Follow-up Safety and Efficacy completed | Parallel Single intratracheal 10 % 107 cells/kg
MSCs Evaluation on Subjects Who Assignment | administration
Completed PNEUMOSTEM" Phase-I1 Normal saline without
Clinical Trial hUCB-MSCs
hUCB- | NCT03392467 | I PNEUMOSTEM for the Prevention | recruiting | Parallel N/A hUCB-MSCs
MSCs and Treatment of Severe BPD in Assignment
Premature Infants Normal saline without
hUCB-MSCs
hUCB- | NCT02023788 | I Long-term Safety and Efficacy Follow- | completed | Single Group | Single intratracheal Low Dose Group: 1.0 x
MSCs up Study of PNEUMOSTEM” in administration 107 cells/kg; High Dose

Patients Who Completed
PNEUMOSTEM® Phase-1 Study

Group: 2.0 x 107 cells/kg

hUC-MSCs, human umbilical cord mesenchymal stem cells; hCT-MSCs, human cord tissue mesenchymal stem cells; hUCB-MSCs, human umbilical cord blood-derived mesenchymal stem
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